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Figure 1. Portable radio transceivers. 


WITH TRANSISTORS. 


CHAPTER 1 
INTRODUCTION 


Note, This manual is for the electronic technician who has a detailed knowledge of the theory and application of 


electron tubes. 


1. General 


Fundamentally, the transistor is a valve which 
controls the flow of current carriers (electrical 
charges in motion) through the semiconductor 
crystal material of which it is made. As the cur- 
rent carriers pass through the transistor, they are 
controlled as easily as if the same current carriers 
were passing through an electron tube. The tran- 
sistor’s ability to control current carriers and 
their associated voltages makes it potentially the 
most useful single element in modern signal com- 
munication equipment. In increasing numbers, 
transistors are being applied in military radio, 
sound, radar, facsimile, telephone, teletypewriter, 
and computer equipments. 


2. History of Transistors and Semiconductors 

a. Crystal Rectifier (fig. 2). The first use of a 
crystal semiconductor as a rectifier (detector) 
was in the early days of radio. A crystal was 


VARIABLE 
CAPACITOR 


BINDING 


TO 
ANTENNA 


clamped in a small cup or receptacle and a flexi- 
ble wire (cat-whisker) made light contact with 
the crystal. Tuning of the receiver was accom- 
plished by operating the adjusting arm until the 
cat-whisker was positioned on a spot of the crys- 
tal that resulted in a sound in the headset. Tun- 
ing the variable capacitor provided maximum 
signal in the headset; frequent adjustment of the 
contact point was required. 

b. Point Contact Diode (fig. 3). Point contact 
diodes (germanium rectifiers) were used during 
World War II for radar and other high-fre- 
quency applications replacing electron tube 
diodes. The point contact diode has a very low 
shunt capacitance and does not require heater 
power; these properties provide a definite advan- 
tage over the electron tube diode. The point con- 
tact diode is identical with the crystal rectifier 
(a above). The point contact diode consists of 
a semiconductor, a metal base, and a metallic 
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Figure 2. Radio receiver, using crystal rectifier. 
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Figure 8. Physical construction of point contact diode. 


point contact. The connections to the point con- 
tact diode are an external lead welded to the 
metallic point contact, and an external lead 
welded to the metal base. 

c. Point Contact Transistor (fig. 4). The de- 
velopment of the point contact transistor was 
announced in 1948. The physical construction of 
the point contact transistor is similar to that of 
the point contact diode except that a third lead 
with a metallic point contact is placed near the 
other metallic point contact on the semiconductor. 
One lead is called an emitter lead; the other, a 
collector lead (ch. 2). When the two metallic 
points are property biased with respect to the 
metal base, the point contact transistor is capable 
of producing a power gain (ch. 13). 

d. Junction Diode (fig. 5). The development 
of the junction diode was announced in 1949. 
The junction diode consists of a junction between 
two dissimilar sections of semiconductor material. 
One section, because of its characteristics, is 
called a P-type semiconductor; the other, an 
N-type (pars. 19 and 20). The connections to 
the junction diode consist of a lead to the P-type 
semiconductor and a lead to the N-type semi- 
conductor. The junction diode handles larger 
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Figure 5. Physical construction of junction diode. 


power than the point contact diode but the junc- 
tion diode has a larger shunt capacitance. 

e. Junction Transistor. The development of 
the junction transistor was announced concur- 
rently with the development of the junction diode. 
The junction transistor (ch. 2) consists of two PN 
junctions (A and B, fig. 6). Operation of the 
junction transistor is similar to that of the point 
contact transistor. The junction transistor per- 
mits more accurate prediction of circuit perform- 
ance, has a lower signal to noise ratio, and is 
capable of handling more power than the point 
contact transistor. 


3. Transistor Functions 

a. Amplification. The transistor may be used 
as a current, voltage, or power amplifier. For 
instance, a stronger signal current may be ob- 
tained from a transistor (A, fig. 7) than is fed 
into it. A signal of t milliampere fed into the 
input circuit of the transistor may appear as 20 
milliamperes at its output. Various circuit ar- 
rangements provide for various amounts of signal 
amplification. 

b. Oscillation. The transistor may be used to 
convert direct-current energy into alternating- 
current energy; that is, it may be used as an 
oscillator. When functioning in this manner, the 
transistor draws energy from a dc source and, in 
conjunction with a suitable circuit arrangement, 
generates an ac voltage (B, fig. 7). 

c. Modulation and Demodulation. The tran- 
sistor used in various circuit arrangements can 
provide amplitude modulation (variation in am- 
plitude of an rf signal) (A, fig. 8) or frequency 
modulation (variation in frequency of an rf sig- 
nal) (A, fig. 9). Demodulation (detection) of 
amplitude-modulated signals (B, fig. 8) or fre- 
quency-modulated signal (B, fig. 9) may be ac- 
complished with transistors. These circuits are 
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Figure 6. Physical construction of PNP and NPN 


junction transistors. 


well-suited for miniature transmitters intended 
for short range applications. 

d. Miscellaneous. The transistor may also be 
used to modify the shape of signal wave forms. 
Wave form shaping is vital in various types of 
radar, teletypewriter, computer, and television 
circuits. A, figure 10, indicates the use of the 
transistor in transforming a sine wave into a 
square wave. B, figure 10, indicates the use of 
the transistor in clipping the negative alterna- 
tions of a series of positive and negative pulses. 


4. Use in Military and Commercial 
Equipments 


a. Portable Equipment. The use of transistors 
opened an entirely new field in the development 
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Figure 7. Transistor used as amplifier or oscillator. 
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Figure 8. Transistor used as am modulator 
or am demodulator. 


of portable equipment. Figure 1 illustrates the 
comparison of a transistorized walkie-talkie 
(transceiver) to a walkie-talkie employing elec- 
tron tubes. The compactness and ruggedness of 
transistorized equipment permits its application 
in a variety of portable equipments. Transistors 
are now being used in mobile equipment, test 
equipment, tape recorders, meteorological equip- 
ment, and photographic equipment. Various 
portable equipments in commercial use, such as 
tape recorders, radios, television sets, hearing 
aids, automobile radios, and marine radios now 
employ transistors. 
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Figure 9. Transistor used as fm modulator 


or fm demodulator. 


b. Fixed Equipments. Fixed equipments that 
are transistorized take up less space, and use less 
power. Military and commercial equipment such 
as wire systems (telephone or teletypewriter), 
facsimile, radar, computers, public address sys- 
tems, intercommunications systems, television and 
radio receivers and transmitters employ transis- 
torized circuitry. 


5. Comparison With Electron Tubes 

a, Efficiency and Voltage Requirements. The 
transistor power efficiency is greater than that of 
the electron tube because the transistor does not 
require heater power. In addition, it does not 
require warm-up time, and it does not require 
a large dc voltage to operate. Other advantages 
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of the transistor are its useful life (b below), its 
noise level (¢ below), and its size and construc- 
tion (d below). 

b. Useful Life. Life expectancy is a very im- 
portant consideration in the application of any 
electronic device. A transistor that is hermeti- 
cally sealed in glass or metal will withstand a 
variety of situations that an electron tube cannot 
withstand. For example, a transistor, even 
though it is immersed in water, will operate for 
long periods of time with very little noticeable 
effect on its operating frequency. It also will 
withstand centrifugal force, gravity, and impact 
tests that would completely shatter an electron 
tube. Although transistors are a comparatively 
new development, and complete data on their life 
expectancy are not yet available, it has been esti- 
mated that they can operate continuously for ap- 
proximately 8 years, a time much greater than 
the life of the average electron tube. 

c. Noise Level. The noise level of a transistor 
is approximately 20 db with a frequency input of 
1,000 cycles per second. In comparison, the aver- 
age electron tube has a lower noise level for the 
same frequency input. Although the noise level 
of a transistor is higher than that of an electron 
tube at this particular frequency, the noise level 
of the transistor is inversely proportional to the 
audio-frequency input. When a transistor is used 
with a higher frequency input, the noise level 
becomes considerably lower. 

d. Size and Construction. A power amplifier 
electron tube is shown in A, figure 11, and a 
power amplifier transistor is shown in B, figure 
11. The construction of the electron tube permits 
efficient dissipation of heat. Although the tran- 
sistor must also dissipate heat, the size is notice- 
ably smaller. The flange type construction of 
the transistor cover provides heat dissipation. In 
some cases a special metallic heat dissipator must 
be used. A medium-power electron tube and a 
medium-power transistor are shown respectively, 
in C and D, figure 11. Note that the construc- 
tion of the electron tube is much larger than 
that of the transistor. A miniature electron tube 
and a miniature transistor are shown in E and F, 
figure 11. The construction of the electron tube 
is again much larger than the transistor. Notice 
that the power transistor (B, fig. 11) is smaller 
than the miniature electron tube (E, fig. 11). 


Figure 11, Comparison of transistors and electron tubes. 


6. Transistor Material 

Materials, such as copper, silver, gold, and iron, 
which provide a good path for electron flow with 
little opposition (resistance), are referred to as 
conductors (par. 15a). Materials such as carbon 
in diamond form, germanium, and silicon, which 
provide a path for electron flow but offer moder- 
ate opposition, are referred to as semiconductors 
(par. 15¢c). Materials such as rubber. porcelain, 
and glass, which offer great opposition and do 
not provide a path for electron flow, are referred 
to as insulators (par. 156). Transistors are com- 
posed of semiconductor material such as ger- 
manium or silicon (par. 15¢). 


7. Special Circuit Components for Use With 
Transistors 
(fig. 12) 

The lower current and voltage requirements of 
transistors simplify the problems encountered in 
miniaturization of components. Capacitors (B, 
fig. 12), resistors (C, fig. 12), chokes, and trans- 
formers (A, fig. 12) for use with transistors may 
be miniaturized. The use of a printed circuit 
board (not shown) eliminates all connecting 
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wires and also make transistor circuits more 
compact. 


8. Summary 


a. The transistor is a valve in the same sense 
that the electron tube is a valve. 

6. The transistor is made of a semiconductor 
material such as germanium or silicon. 

ce. The first crystal semiconductor was used as 
a rectifier (detector) in the early days of radio. 

d. The point contact transistor was invented 
in 1948, 

é. The junction transistor was invented in 1949. 

f. The transistor may be used in circuits such 
as amplifiers, oscillators, modulators, and de- 
modulators. 

g- The transistor is smaller and more rugged 
than the electron tube. In addition, the tran- 
sistor’s power efficiency is greater than that of 
the electron tube. 

i. Transistors are especially adaptable to the 
miniaturization of electronic equipment. Even 
the associated circuit components of transistors 
such as capacitors, resistors, batteries, and trans- 
formers may be made smaller than the corre- 
sponding components used in electron-tube cir- 
cuits. 
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Figure 12. Circuit components used with transistors and electron tubes. 
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CHAPTER 2 
FUNDAMENTAL THEORY OF TRANSISTORS 


eS 


Section 1. STRUCTURE OF MATTER 


9. General 


a. A knowledge of the theory of the structure 
of matter is required (pars. 10 through 14) to 
understand the theory of the internal conduction 
mechanism that occurs in the transistor. 

b. Transistors are constructed from semicon- 
ductor materials. The properties and character- 
istics of conductors and insulators are covered in 
TM 11-661. A comparison of the properties of 
conductors, semiconductors, and insulators is 
given in paragraph 15. Detailed properties and 
characteristics of semiconductor materials used 
in transistors are covered in paragraphs 16 
through 20. ' 


10. Matter, General 


Matter may be defined as any substance that 
has weight (mass) and occupies space. Exam- 
ples of matter are—air, water, clothing, and one’s 
body. These examples demonstrate that matter 
may be found in any one of three states: gaseous, 
liquid, or solid. Matter is found in nature as 
elements (a@ below), or compounds (6 below). 
The elements and compounds are made up of 
molecules (¢ below), atoms (d below), and sub- 
atomic particles (e below). 

a. Element. Matter consists of one or more 
basic materials which are called elements. Scien- 
tists have definite proof that approximately 102 
elements exist and believe that there are several 
additional elements. In chemistry, an element is 
defined as a substance that can be neither decom- 
posed (broken up into a number of substances) 
by ordinary chemical changes nor made by chemi- 
cal union of a number of substances. Copper, 
iron, aluminum, and gold are examples of metal- 
lic elements; oxygen, hydrogen, and sulphur are 
nonmetallic elements. 
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b. Compound. A substance containing more 
than one constituent element and having proper- 
ties different from those of its elemental constitu- 
ents is called a compound. For example, water 
is made up of two parts hydrogen and one part 
oxygen. Therefore, water is a compound. 

c. Molecule. A molecule is defined as the small- 
est particle of matter which can exist by itself 
and still retain all the properties of the original 
substance. If a drop of water, a compound, is 
divided until the smallest possible particle is 
obtained and is still water, that particle is known 
asa molecule. An idea of the size of a molecule 
may be obtained by imagining that a stone is 
first broken into two pieces, that the two pieces 
are then broken into four pieces, and that this 
process is carried on. The smallest particle of 
stone which could be obtained by this process 
would be a molecule. Actually, it is impossible 
to crush a stone into its molecules; we can only 
crush it into dust. One small particle of dust is 
composed of thousands of molecules. 

d. Atom. An atom is defined as the smallest 
part of an element that can take part in ordi- 
nary chemical changes. The atoms of a particu- 
lar element are of the same average mass, but 
their average mass differs from that of the atoms 
of all other elements. For simplicity, the atom 
may be considered to be the smallest particle that 
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Figure 18. Molecule of water. 


retains its identity as part of the element from 
which it is divided. Figure 13 shows that the 
molecule of water is made up of two atoms of 
hydrogen and one of oxygen. Since there are 
approximately 102 known elements, there must 
be 102 different atoms or a different atom for 
each element. All substances are made of one 
or more of these atoms. Just as thousands of 
words can be made by combining the proper let- 
ters of the alphabet, so thousands of different 
materials can be made by chemically combining 
the proper atoms. 

e. Subatomic Particles. Although it was for- 
merly believed that the atom was the smallest 
particle of matter, it is known now that the atom 
itself can be subdivided into still smaller, or sub- 
atomic particles. Paragraph 11 explains the na- 
ture of these subatomic particles. 


11. Structure of Atom 


Figure 14 illustrates the relationship of the 
atom to matter, and the atom to its subatomic 
particles. The material illustrated in all parts 
of the figure, except A and B, is hypothetical. 
The portions of matter which they represent are 
so small that they are invisible to the eye, even 
with the aid of the most powerful microscope. 
By experiment and study scientists have been 
able to learn about subatomic particles and, from 
developed facts, have been able to produce an 
understandable explanation of the make-up of the 
atom. Thus, diagrams C, D, E, and F, figure 14 
can be called representations of what scientists 
believe the element aluminum might look like if 
tiny bits of aluminum could actually be seen. If 
an imaginary microscope were available which 
would allow the examination of tiny particles of 
matter, observations made through this micro- 
scope would probably indicate that the represen- 
tations of figure 14 are almost exact if the matter 
under scrutiny is a piece of aluminum segment. 

a. In A, figure 14, the magnification is unity, 
that is, one is simply looking at a piece of 
aluminum. 

b. In B, figure 14, the magnification has been 
increased to 100 diameters. It becomes apparent 
that aluminum does not have a perfectly smooth 
surface but rather is a crystalline substance, with 
the size of the crystals being dependent on the 
previous heat and mechanical treatment of the 
metal. Note that the crystals are extremely small, 
nonuniform in shape, and irregularly arranged. 


The crystals present a specific granular structure, 
known as a polycrystalline structure. Conductors 
such as copper and aluminum reveal a polyerys- 
talline structure when viewed under a microscope. 
The properties and characteristics of polycrystal- 
line materials are quite different from the proper- 
ties and characteristics of single crystal materials. 
Germanium and silicon when processed for use 
in transistors are single crystal materials (par. 
176). 

c. When the imaginary microscope is adjusted 
to a magnification of 100,000 diameters (C, fig. 
14), evidence of the presence of individual atoms 
or subatomic particles can be detected. 

d. In D, figure 14, magnification is 10 million 
diameters. At this magnification, individual dots, 
or little bodies, of approximately spherical shape 
and a rather fuzzy outline would appear. These 
dots are aluminum atoms and no detectable differ- 
ence is apparent between them. It is possible to 
measure the diameter of any aluminum atom but 
because the edges of the atoms are fuzzy, it is 
difficult to say just where one atom ends and the 
next atom begins. 

e. A magnification of 100 million diameters is 
required to eliminate this fuzziness. A single 
aluminum atom now fills the entire area (E, fig. 
14). This single atom of aluminum resembles 
the solar system to some degree, for there is a 
central body, called a nucleus, about which a num- 
ber of smaller particles (electrons) move in ap- 
proximately elliptical orbits. To determine the 
number of electrons in an atom is exceedingly 
difficult because of the way electrons move in 
their elliptical orbits. However, it has been found 
that there are 13 electrons in the aluminum atom. 
Careful observation disclosed that each of the 
electrons in this atom has a charge of electricity 
that is identical with the charge on any of the 
other electrons. The charge associated with an 
electron is the smallest electrical charge which 
has yet been discovered. It is called the elemen- 
tal charge. (The charge on the electron was first 
measured by R. A. Millikan, an American physi- 
cist and it was arbitrarily called a negative 
charge.) Thus, the aluminum atom is said to 
contain 13 elemental charges of negative elec- 
tricity. The nucleus also has a positive electrical 
charge, and it has been determined that the quan- 
tity of this positive charge is 13 times as great 
as the quantity of the negative charge on one 
electron. Therefore, since there are 13 elemental 
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Figure 14. Structure of aluminum. 


14 


positive charges on the nucleus, the entire atom 
is found to be electrically neutral. That is, the 
aluminum atom contains an equal number of 
positive and negative charges—an equal amount 
of opposite kinds of electricity. 

f. By increasing the magnification until only 
the nucleus fills the viewing area it is observed 
that the enlarged nucleus looks like a bunch of 
grapes (F, fig. 14) consisting of 27 particles, 13 
of which carry an elemental positive charge of 
electricity. These elemental positive charges are 
called protons. The other 14 particles in the 
nucleus are uncharged and are called neutrons. 

g. Figure 15 illustrates the situation when the 
the aluminum is magnified so that only a few 
atoms of aluminum cover the entire viewing area. 
The electrons which revolve in the outer, or third 
shell (near the edges of the atoms), do not always 
remain confined to the same atom and some, 
moving in a random manner, may travel from 
atom to atom. (The shells are also referred to 
as orbits, or rings.) Outer orbit electrons that 
move at random through the material are called 
free electrons (par. 14). 


12. Electrons, Protons, and Neutrons 


In paragraph 11, the aluminum atom was 
shown to consist of a positively charged nucleus 
with negatively charged electrons that revolved 
at.a very great speed around the nucleus. The 
electron theory states that the atoms of al ele- 
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Figure 15. 


ments (copper, gold, oxygen, etc.) are similarly 
constructed of a central nucleus and revolving 
electrons. 

a. Examples of Atomic Structure. 

(1) A, figure 16, represents the atomic struc- 
ture of the simplest of all atoms, the 
hydrogen atom. It contains one electron 
revolving around one proton which acts 
as a nucleus. Because the negative 
charge on the electron is exactly equal 
to the positive charge on the proton, the 
atom is electrically balanced or neutral. 

(2) B, figure 16, represents the aluminum 
atom. The nucleus of the aluminum 
atom contains 14 neutrons and 13 pro- 
tons. The positive charges of the 13 
protons are just balanced by the nega- 
tive charges of the 13 revolving electrons 
and the electrical charge on the entire 
atom is again neutral. Note that in this 
arrangement, the outermost shell has 
three electrons. The importance of this 
arrangement is explained in paragraph 
20. 

(3) The phosphorous atom (C, fig. 16) is a 
more complex structure. Note that the 
15 orbital electrons revolve in three sepa- 
rate rings, or shed/s, and in this atom the 
outermost ring has five electrons. The 


importance of this arrangement is ex- 
plained in paragraph 19. 
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Three atoms of aluminum. 
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Figure 16. Structure of atoms. 


(4) In D, figure 16, an even more complex 
atom is shown, the germanium atom. 
The nucleus is composed of 32 protons 
and 41 neutrons. The 32 orbital elec- 
trons revolve in four separate shells, with 
four electrons revolving in the outer 
shell. Paragraph 17 explains the im- 
portance of this arrangement. 

b. Building Blocks. The electron theory states 
that the difference among the various elements 
is in the number and arrangement of the elec- 
trons, protons, and neutrons of which each atom 
is composed. There is no difference between an 
electron in an atom of copper and an electron in 
an atom of aluminum, or any other element. 
There is no difference between a proton in one 
atom and a proton in another atom of a different 
element. Likewise, the neutrons in the atoms of 
various elements are thought to be identical. 
Since all matter is composed of atoms and all 
atoms are composed of positively charged parti- 
cles called protons, negatively charged particles 
called electrons, and uncharged particles called 
neutrons, it follows that the proton, the electron, 
and the neutron are the fundamental building 
blocks of the universe. 
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c. Characteristics of Subatomic Particles. 


(1) 


(2) 


Electrical. The electrical charge of the 
proton is exactly equal and opposite to 
that of the electron; that is, the proton 
and the electron are exactly equal 
amounts of opposite kinds of electricity. 
Because it is believed that no smaller 
amount of electricity exists, the charge on 
the electron and the proton is considered 
the elemental unit of electrical charge. 
However, the elemental unit is too small 
a quantity of electricity for practical pur- 
poses and a larger unit of charge called 
the coulomb is commonly used. One 
coulomb of electricity contains over 6 
million, million, million (6.28% 10") 
electrons. 

Physical. Electrons and protons are ap- 
proximately spherical particles of matter. 
The diameter of an electron, approxi- 
mately 0.00000000000022 inch (22x 10"), 
is about three times the diameter of a 
proton. Despite its smaller diameter, a 
proton’s mass is 1,850 times greater than 
the mass of the electron. The diameter 
and mass of a proton and a neutron are 


approximately the same. Relatively 
speaking, there are great distances be- 
tween the electrons and the protons of an 
atom even in solid matter. It has been 
estimated that if a copper one-cent piece 
could be enlarged to the size of the earth’s 
path around the sun (approximately 
186,000,000 x 3.14 miles), the electrons 
would be the size of baseballs and would 
be about 3 miles apart. 


13. Electrical Balance and Unbalance 


a. Electrical Balance. Because the protons and 
electrons of the atom carry positive and negative 
charges of electricity, respectively, they are par- 
ticles of energy. These charges form the electric 
field of force within the atom, and since the num- 
ber of positive charges (protons) is always equal 
to the number of negative charges (electrons) an 
atom is electrically balanced. 

b. Electrical Unbalance. It is possible to trans- 
fer some of the electrons from one substance to 
another. When this happens, the normally equal 
distribution of positive and negative charges in 
each substance no longer exists, and because each 
contains more of one kind of electricity than of 
the other they are said to be electrically charged. 
For example, when a glass rod is rubbed with silk, 
some of the electrons which are loosely held to 
the atoms in the glass are transferred to the silk. 
Then when the glass and silk are separated, the 
glass rod (B, fig. 26) will have more positive 
charges (protons) than negative charges (elec- 
trons )and will be positively charged. The silk, 
on the other hand, will have more electrons than 
protons and will be negatively charged. When 
a hard rubber rod is rubbed with cat’s fur, the 
cat’s fur loses electrons to the rubber rod (B, fig. 
25). In this case, the cat’s fur becomes positively 
charged and the rubber rod becomes negatively 
charged. 


14, Free Electrons 


a. General. The electron theory states that all 
matter is composed of atoms which, in turn, are 
composed of subatomic particles called protons, 
electrons, and neutrons. In conductors, all the 
electrons are tightly bound to the nucleus except 
those that revolve in the outer orbit. Figure 15 
shows how the electrons in the outer orbits of the 
aluminum atoms may move from one atom to 
another in a haphazard manner. Electrons that 


are able to move in this fashion are known as 
free electrons. All matter is composed of positive 
and negative charges of electricity, and the atomic 
structure of a material will determine whether 
or not the material will have many or few free 
electrons. 

b. Electron Flow or Current. If the haphazard 
movement of free electrons in a material is con- 
trolled so that the electrons move generally in the 
same direction an electron flow (or drift) results. 
This electron flow is called an electric current. 


15. Conductors, Semiconductors, and 
Insulators 
(fig. 17) 

In general, all materials may be placed in one 
of three major categories—conductors, semicon- 
ductors, or insulators. These categories were 
evolved from a consideration of their ability to 
allow an electric current to flow. This, in turn, 
depends on their atomic structure. 

a. Conductors. A good conductor is a material 
that has a large number of free electrons. All 
metals are conductors of electricity to some ex- 
tent, but some are much better conductors than 
others. Silver, copper, and aluminum, are con- 
ductors which have resistances of less than 3 
millionths of an ohm per centimeter cube (cm!). 
That is a cube each edge of which measures one 
centimeter. Silver is a better conductor than 
copper, but copper is more widely used because 
it is less expensive. Aluminum is used as a con- 
ductor where weight is a major consideration, for 
example, on high-tension lines with long spans 
between supports. Usually these lines are 
stranded cables and have a small steel wire core 
to provide the necessary tensile strength. The 
ability of a material to conduct electricity also 
depends on its dimensions. Conductors may be 
in the form of bars, tubes, or sheets; but the 
most common conductors are in the form of wire. 
Many sizes of wire are used, from the fine hair- 
like wire used in the coils of sensitive measuring 
instruments, to the large bus-bar sizes used for 
carrying high current in electric power-gener- 
ating plants. In order to make wire easier to 
handle and also less subject to changes in weather 
and other external conditions, it is often covered 
with some other material such as rubber, cotton, 
plastic, or enamel. These coverings provide pro- 
tection against short circuits and leakage and are 
known as insulators. 
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Figure 17. Chart of resistance per cm® of conductors, semiconductors, and insulators. 


b. Insulators. An insulator (also known as a 
dielectric) is a material, or combination of mate- 
rials, the atomic structure of which is such as to 
limit almost to nothing the movement of elec- 
trons from atom to atom. In other words, an 
insulator is a material that has few loosely held 
electrons. No material known is a perfect insu- 
lator but there are materials which are such poor 
conductors that for all practical purposes they 


are classed as insulators. Glass, dry wood, rub- 
ber, mica, and certain plastics such as polystyrene 
are insulating materials which have a resistance 
of several millions of ohms per centimeter cube. 

c. Semiconductors. Between the extremes of 
good conductors and good insulators are a num- 
ber of materials which are neither good conduc- 
tors nor good insulators. Germanium and silicon 
fall into this category and are called semicon- 


ductors. Pure germanium is not a very good 
conductor (about 60 ohms per centimeter cube at 
room temperature). Pure silicon is a somewhat 
worse conductor (about 60,000 ohms per cen- 
timeter cube at room temperature). Both impure 
germanium and impure silicon have a resistance 
of 0.2 through 0.4 ohm per centimeter cube, de- 
pending on the type and amount of impurities 


present. Germanium and silicon, for use in tran- 
sistors, have carefully controlled amounts of im- 
purities added (par. 18), and each has a resist- 
ance of 2 ohms per centimeter cube at room 
temperature. This resistance decreases rapidly as 
the temperature rises. Note that while only ger- 
manium and silicon as semiconductors are dis- 
cussed there are many other semiconductors. 


Section Il. CRYSTALS, DONORS, ACCEPTORS, AND HOLES 


16. Crystals, General 


a. General. Most solids (c below), except those 
exhibiting a biological structure of cells such as 
leaves, branches, and bone, reveal a crystal struc- 
ture when studied under a microscope. Many 
substances such as rocks and metals which are 
not usually considered crystalline, reveal a spe- 
cific crystal pattern when studied under a micro- 
scope. 

b. External Characteristics. The most com- 
monly known characteristics of crystals are their 
angles and their planes. Snow crystals, for in- 
stance, although formed in an infinite number of 
geometric patterns, contain only 60° angles. 
Some materials, such as common salt (sodium 
chloride), form cubes; other materials form long 
needles, rhomboids, or variations of hexagonal 
or rectangular structures. Each material has a 
characteristic form. 

ce. Internal Structure. X-rays have been used 
to investigate the internal structure of crystals. 
The wavelength of X-rays approximate the dis- 
tance between the atoms or molecules of crystals. 
When X-rays are beamed through a crystal, the 
rays are deflected and distributed in accordance 
with the specific arrangement of the atoms or 
molecules of the crystal. When the resultant ray 
is photographed, the photograph invariably shows 
a specific pattern depending upon the substance 
of the crystal. With the pattern indicated on the 
photograph, and through a complex mathemati- 
cal analysis, scientists have been able to construct 
models of the internal structure of a given crys- 
tal. These analyses have indicated that the atoms 
of crystals are arranged in specific patterns; that 
one atom is not closely related with another atom 
only, but rather is related equally to a number 
of adjacent, equidistant atoms. The specific ar- 
rangement of atoms depends on the size and 
number of atoms present and on the electrical 


forces between them. The physical, electrical, 
optical, and mechanical characteristics of the 
crystal depend on the forces between the atoms. 
Crystals used in transistors are discussed in para- 
graph 17. 


17. Pure Germanium Crystal 

a. General. Figure 18 shows a pure germanium 
crystal. Each sphere represents a germanium 
atom less the four electrons (valence or outer 
orbit electrons) that are in the outer (fourth) 
shell of the atom (fig. 16). The sphere contains 
the nucleus of the atom, and the 28 tightly bound 
electrons that orbit around the nucleus. The nu- 
cleus contains 32 protons; that leaves a net posi- 
tive charge of four (4) on the sphere. Through- 
out this text, the sphere will be referred to as 
the germanium core. 

b. Single Crystal Structure. The dashed lines 
in the illustration form two cubes. Note that the 
four germanium cores between the two cubes are 
shared equally by the cubes. If the illustration 
were to be extended in all directions, the sharing 
of the corner germanium cores would be extended 
to all adjacent cubes. This repeated uniform, 
cubical structure constitutes a single germanium 
erystal. The properties and characteristics of 
single crystal materials such as germanium and 
silicon (as prepared for use in transistors) are 
quite different from the properties and charac- 
teristics of polycrystalline materials such as cop- 
per and aluminum (par. 116). The term crystal 
used throughout this text will refer to single 
crystal material only. 

ce. Lattice Structure. 

(1) It ‘has been established that electrons 
rotate constantly in relatively fixed 
orbits about the nucleus. In a crystal, 
the rotation of one valence electron of 
a given atom is coordinated with the 
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(2) 


rotation of one valence electron of an 
adjacent atom. The coordinated rotation 
of two valence electrons (one from each 
of two adjacent atoms) results in the 
formation of an electron-pair bond. The 
electron-pair bonds, shown diagrammati- 
cally in figure 18, are also referred to 
as valence bonds. The electron-pair 
bonds cause the cores to be attracted 
toward each other. The positive charges 
on the cores cause the cores to repel each 
other. When a balance of the forces of 
attraction and repulsion is obtained, the 
crystal is said to be in a state of equi- 
librium. 

Each germanium core is equidistant 
from four adjacent germanium cores. 
Note that each germanium core is inter- 
connected with adjacent germanium cores 
by four electron-pair bonds. This con- 
dition exists since each germanium atom 


contains four valence electrons in its 
outer shell. This arrangement of ger- 
manium cores and electron-pair bonds 
is referred to as a lattice. To avoid con- 
gestion, figure 18 shows only a few of 
the electron-pair bonds. 

d. Conductivity. The valence electrons of good 
conductors such as copper or aluminum, are 
loosely bound to the nucleus of the atom, and 
move quite readily through the conductor under 
the influence of a potential field. Valence elec- 
trons which form part of an electron-pair bond, 
however, are bound in the electron-pair bond and 
are not free to take part in conduction. Crystal- 
line materials such as carbon, germanium, and 
silicon, the valence electrons of which are bound, 
are poor conductors (par. 15c) under normal con- 
ditions. Only if the material is subjected to high 
temperatures or strong radiation will the electron- 
pair bonds separate and partial electrical con- 
duction occur. 


Figure 18. Pure germanium crystal, lattice structure. 


18. Impurities 


a. General. It is possible for the atoms of 
substances other than germanium to join the 
crystal lattice structure of germanium. These 
substances whether found in germanium in its 
natural state, or added intentionally during the 
processing of germanium for use in transistors, 
are referred to as impurities. 

b. Donor and Acceptor Impurities. Two groups 
of substances exhibit the important characteristic 
of joining the lattice structure of germanium. 
The substances in one group are called donors; 
in the second group, they are called acceptors. 

(1) The atoms of presently used substances 
classified as donors have five valence 
electrons in the outer incomplete shell. 
Some of the substances that have been 
used as donors are arsenic, phosphorous 
(C, fig. 16), and antimony. The char- 
acteristics and properties of germanium 
containing donor atoms are discussed in 
paragraph 19. 


(2) The atoms of presently used substances 
classified as acceptors have three valence 
electrons in the outer incomplete shell. 
Some of the substances that have been 
used as acceptors are aluminum (B, fig. 
16), boron, gallium, and indium. The 
characteristics and properties of ger- 
manium containing acceptor atoms are 
covered in paragraph 20. 


19. N-Type Germanium, Donors 

a. Figure 19 shows a germanium crystal in 
which one of the germanium atoms has been re- 
placed by a donor impurity (par. 18). The dark 
sphere in the illustration represents the nucleus 
of the donor atom and all the tightly bound 
electrons that orbit around the nucleus. The 
valence electrons are not included in the sphere. 
The donor impurity contains five valence elec- 
trons. Note that four of the valence electrons 


of the donor form electron-pair bonds with elec- 
trons of four neighboring atoms of germanium. 


Figure 19. Germanium crystat with donor atom. 


21 


The electrons of both the germanium and the 
donor atoms that enter into electron-pair bonds 
form a very stable structure, and are not removed 
readily from the bonds. 

b. The fifth valence electron of the donor can- 
not form an electron-pair bond since there are 
no adjacent electrons available. This electron 
becomes an excess electron. The donor nucleus 
has a very weak influence over the excess electron. 
Actually, one one-hundred-seventieth (1/170) of 
the energy required to remove an electron from an 
electron-pair bond is required to remove the excess 
electron from the donor. At normal room tem- 
perature (70° F.), enough thermal (heat) energy is 
present to cause the excess electron to break away 
from the donor and wander through the space 
between the crystal lattices (fig. 20). 

ce. When the excess electron leaves (ionizes 
from, or is donated by), the donor atom, the 
donor atom then possesses a positive charge 
equivalent to the negative charge of one electron. 
An atom that loses or gains an electron is called 
an ion. For that reason, the spheres that repre- 
sent the donor (fig. 19) are called donor ions. 

d, Note that the germanium crystal that con- 


tains a donor ion (positive) also contains an 
excess electron (negative). The germanium crys- 
tal taken as a whole therefore is electrically neu- 
tral; that is, the crystal posseses a net charge of 
zero. 

e. Germanium containing donor impurities is 
referred to as V-type germanium. The letter V 
refers to the negative charge of the excess 
electron. 


20. P-Type Germanium, Acceptors 

a. Figure 21 shows a germanium crystal in 
which one of the germanium atoms has been re- 
placed by an acceptor impurity (par. 18). The 
cross-hatched sphere contains the nucleus of the 
acceptor atom and all the tightly bound electrons 
that orbit around the nucleus; the valence elec- 
trons are not included in the sphere. The acceptor 
impurity contains three valance electrons. Note 
that the three valence electrons of the acceptor 
form electron-pair bonds with electrons of the 
neighboring atoms of germanium. 

b. One valence electron of the fourth neighbor- 
ing germanium atom cannot form an electron- 
pair bond since the acceptor has only three 


Figure 20. Germanium crystal with donor atom, showing movement of excess electron. 
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Figure 21. Germanium crystal with acceptor atom. 


valence electrons. In this condition, an electron- 
hole arrangement exists. The position that would 
normally be filled with an electron is designated 
a hole. 

e. It is possible for an electron from an adja- 
cent electron-pair bond to absorb enough energy 
to break its bond (fig. 22) and fill in the hole 
in the original electron-hole arrangement (fig. 
23). Note that the hole has moved to a new posi- 
tion. When the hole moves to the new position, 
two important changes take place. 

(1) The first change is that the acceptor 
atom has been ionized; that is, the ac- 


ceptor has acquired (or accepted) an ; 


electron and is now an ion. A negative 
charge exists in the immediate vicinity 
of the acceptor. 

(2) The second change is that the germa- 
nium atom, which requires four valence 
electrons, is left with only three valence 
electrons. The germanium atom, lacking 


an electron, has a net positive charge 
equivalent to the negative charge of the 
electron. Because of the existence of the 
electron-pair bond structure, the positive 
charge of the germanium atom is not 
diffused or scattered, but is concentrated 
in the hole in the electron-hole arrange- 
ment. Furthermore, laboratory experi- 
ments have shown that the positive hole 
moves within the crystal in the same 
manner that a free electron moves within 
the crystal. The concept of holes is very 
important in understanding the opera- 
tion of transistors; the properties and 
characteristics of holes are presented 
more thoroughly in paragraph 22. 

d. Note that the germanium crystal that con- 
tains an acceptor ion (negative) also contains a 
hole (positive). The germanium crystal taken 
as a whole therefore possesses a net charge of 
Zero, 
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Figure 22. Germanium crystal with acceptor atom, showing electron from electron-pair bond moving toward hole. 


e. Germanium containing acceptor impurities 
is referred to as P-type germanium. The letter 
P refers to the positive charge of the hole. 


21. Movement of Hole 


Figure 24 is a two-dimensional representation 
of the mechanism involved in the movement of 
a hole through a crystal. In A, figure 24, the 
hole is in the upper left hand corner. An elec- 
tron from an adjacent electron-pair bond moves 
to the position of the hole. The hole (B, fig. 24) 
is now midway between top and bottom of the 
crystal and slightly to the right of its original 
position. This process is repeated in C and D, 
figure 24, until the hole is at the right hand side 
of the crystal (E, fig. 24). The complete path 
of the hole through the crystal is shown in F, 
figure 24. 


22. Holes, Properties and Characteristics 
For the understanding of transistors and tran- 
sistor theory, it is convenient for the reader to 
think of the hole as a specific particle. Holes, 
in motion, constitute an electrical current to the 
same extent that electrons in motion constitute 
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an electrical current (par. 14). There are differ- 
ences, however, which must be kept in mind. 

a. The hole can exist only in a semiconductor 
material such as germanium or silicon. This is 
because the hole depends for its existence on a 
specific arrangement of electrons (electron-pair 
bonds) and atoms as are found in crystal sub- 
stances (par. 20). Holes do not exist in conduc- 
tors such as copper and aluminum. 

b. The hole is deflected by electric and mag- 
netic fields in the same manner that electrons are 
deflected. Because the hole possesses a charge 
equal and opposite to that of the electron, the 
direction of deflection of the hole is opposite to 
that of the electron. In an electric field, for in- 
stance, the electron moves toward the positive 
pole; the hole moves toward the negative pole. 

c. In the field of electronics, the electron is 
considered indestructible. When a hole is filled 
by an electron from an adjacent electron-pair 
bond, the hole is considered as having moved 
from one position to another (fig. 24). When a 
hole is filled by a free or excess electron, the hole 
no longer exists. This statement is supported by 


Figure 28. Germanium crystal with acceptor atom showing neto position of hole. 


the fact that germanium containing an equal 
number of donor and acceptor atoms has none of 
the properties of P-type or N-type germanium. 


23. Movement of Positive Charges 

a. The fact that a positive charge in motion 
causes an electric current to the same extent that 
a negative charge (electrons) in motion causes 
an electric current has been known for many 
years. In 1899, a scientist by the name of H. A. 
Rowland established this fact by a simple ex- 
periment. Rowland’s experimental setup was 
similar to that shown in figures 25 and 26. 

(1) In A, figure 25, a doughnut-shaped neu- 
tral body (a conducting material) is 
suspended by a string. A negatively 
charged rubber rod (B, fig. 25) is 
brought into contact with the neutral 
body. The electrons on the rubber rod 
flow to the neutral body and the rubber 
rod is removed. The electrons adhere 
to the surface of the doughnut-shaped 
body. While the negatively charged 
body is at rest (C, fig. 25), a compass 


(2) 


needle suspended by a string is brought 
near the negatively charged body. The 
compass needle does not deflect. When 
the negatively charged body is rotated 
rapidly (D, fig. 25), a magnetic field is 
generated with the direction of the mag- 
netic lines of force as shown. The gen- 
eration of the magnetic lines of force 
in this case is similar to the generation 
of magnetic lines of force when electrons 
flow through a stationary conductor. 
The compass needle deflects. The direc- 
tion of rotation of the negatively charged 
body is clockwise. 

The experiment is repeated, starting 
again with a neutral body (A, fig. 26). 
However, the neutral body is now 
touched with a positively charged glass 
rod (B, fig. 26). Electrons flow from 
the doughnut-shaped body to the glass 
rod, and the glass rod is removed. This 
action leaves a net positive charge on 
the doughnut-shaped body. While the 
positively charged body (C, fig. 26) is 
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Figure 24. Movement of hole through crystal. 
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Figure 25. Neutral body being negatively charged and rotated. 
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Figure 26. Neutral body being positively charged and rotated. 
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at rest, a compass needle is brought near 

the positively charged body. The com- 

pass needle does not deflect. When the 

positively charged body is rotated rap- 

idly (D, fig. 26), a magnetic field is 

generated with the direction of the mag- 

netic lines of force as shown. The com- 

pass needle deflects. The direction of 

the magnetic lines of force is the same 

as that for the negatively charged body 

(D, fig. 25), but the direction of rota- 

tion of the positively charged body is 

opposite to that of the negatwely 
charged body. 

b. This experiment proves that the movement 

of positive charges constitutes an electric current. 


HOLES 


/\ 


Although the positive charges involved in this 
experiment are not holes in the semiconductor 
sense of the word, the experiment proves that 
positive charges are current carriers. 


24. Holes as Current Carriers 


Figure 27 is a simplified version of a laboratory 
experiment performed to confirm the theory of 
holes and demonstrate that they act as current 
carriers. 

a. In A, figure 27 a battery is placed across 
a slab of P-type germanium. 

(1) Because a hole possesses a positive 
charge, it is attracted toward terminal 2 
(negative), and repelled by terminal 1 
(positive). When a hole reaches termi- 
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Figure 27. Deflection of hole current in P-type germanium. 


29 


nal 2, an electron from the battery enters 
the germanium and fills the hole. When 
this happens, an electron from an elec- 
tron-pair bond in the crystal and near 
terminal 1 breaks its bond and enters 
terminal 1. The breaking of the bond 
creates another hole; the hole flows to- 
ward terminal 2. This action provides 
a continuous flow of electrons in the ex- 
ternal circuit and holes in the germa- 
nium. 

(2) Observe that the holes flow in an arc 
from terminal 1 to terminal 2. Under 
precise laboratory conditions, scientists 
measured the time required for the hole 
to flow from terminal 1 to terminal 2. 

6. In B, figure 27, the circuit arrangement 
shown in A is repeated, but in addition, a field 
of electric lines of force is introduced into the 
body of germanium. The field is established by 
connecting a second battery (battery 2) across 
the germanium slab as shown. 

(1) The electric lines of force are in the 
direction that an electron (negative) 


would be deflected if placed in the field. 
A hole placed in the field of battery 2 
would be deflected in a direction oppo- 
site to that of the electron. The result- 
ant force on the hole, by the fields of 
battery 1 and battery 2, causes the hole 
to move from terminal 1 to terminal 2 
in essentially a straight line. 

(2) Under precise laboratory conditions, the 
time required for the hole to flow from 
terminal 1 to terminal 2 was measured 
and it was found that the time was less 
than that in a(2) above. 

c. The explanation for the reduced time in 6(2) 
above, compared to that in a(2) above, is that 
the path of the holes has been changed from an 
arc to an approximately straight line. If elec- 
trons had been the current carrier, the electrons 
would have been deflected upward by the electric 
lines of force and the path would have been in- 
creased. The flow time would also have been 
increased. Similar experiments yielding the same 
results have been performed by scientists using 
magnetic lines of force to deflect the hole current. 


Section Ill. PN JUNCTIONS 


25. General 


When N-type germanium (par. 19) and P-type 
germanium (par. 20) are joined in the same crys- 
tal, an unusual but very important phenomenon 
occurs at the surface where contact is made be- 
tween the two types of germanium. The contact 
surface is referred to as a PN junction. The 
phenomenon that occurs at PN junctions permits 
the use of semiconductors, such as germanium 
and silicon, in circuits normally employing elec- 
tron vacuum tubes. The detailed theory of PN 
junctions is covered in paragraphs 26 through 29. 


26. PN Junction, General 

a. Figure 28 shows a section of P-type ger- 
manium and a section of N-type germanium. 
Note that the sections are separated. 

(1) For simplicity, the electron-pair bonds 
are not shown. Only the holes, the ex- 
cess electrons, the germanium cores, and 
the donor and acceptor ions are repre- 
sented. 

(2) For discussion purposes, the figure shows 
a large number of acceptor ions in the 
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P-type germanium and a large number 
of donor ions in the N-type germanium. 
In practice, however, transistor germa- 
nium contains approximately one im- 
purity atom per 10 million germanium 
atoms. 

(3) If one could actually look inside the 
bulk germanium material, one would see 
the germanium cores and the impurity 
ions vibrating within their lattice posi- 
tions because of thermal energy. How- 
ever, the cores and the ions do not leave 
their lattice positions and therefore do 
not constitute a current. The cores and 
the ions may be considered to be station- 
ary. The holes and the excess electrons 
would be seen to move haphazardly 
within the bulk germanium material. 
The movement of the holes and the elec- 
trons is also due to thermal energy; this 
movement of charges in the absence of 
an applied field is called diffusion. Even 
though the holes are in motion they are 
evenly distributed throughout the P-type 
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Figure 28. Separated sections of P-type and N-type germanium. 


germanium; the excess electrons are 
evenly distributed throughout the N-type 
germanium. 

b. Figure 29 shows the same two sections of 
germanium (a above), joined to form a PN 
junction. 

(1) Note that no external circuits or volt- 
ages have been connected to the germa- 
nium; nor is the germanium exposed to 
external electric or magnetic fields. 

One would normally expect the holes in 
the P-type germanium and the electrons 
in the N-type germanium to flow towards 
each other, combine and eliminate all 
holes and exeess electrons. When the 
two types of germanium are joined, how- 
ever, after a few combinations of holes 
and electrons result, a restraining force 
is set up automatically to preclude total 
combination. This restraining force is 


(2) 


called a barrier. The cause and nature 
of the barrier are discussed in para- 


graph 27. 


27. Junction Barrier 

a. When the P-type germanium and the N-type 
germanium are joined (fig. 29), some of the holes 
in the P-region and some of the excess electrons 
in the N-region diffuse toward each other and 
combine. Each combination eliminates a hole 
and an ewcess electron; the excess electron is now 
part of an electron-pair bond. This action occurs 
for a short time in the immediate vicinity of the 
junction. Negative acceptor ions in the P-region 
and positive donor ions in the N-region and near 
the junction are left uncompensated. Additional 
holes that would diffuse into the N-region are 
repelled by the uncompensated positive charge of 
the donor ions. Electrons that would diffuse into 
the P-region are repelled by the uncompensated 
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Figure 29. Joined sections of P-type and N-type germanium. 


negative charge on the acceptor ions. As a re- trically, the depletion region is also referred to 
sult, totad recombination of holes and electrons as the space charge region. The electric field be- 
cannot occur. tween the acceptor and the donor ions is called 

b. The region containing the uncompensated a barrier, The effect of the barrier is represented 
acceptor and donor ions is referred to as the by the imaginary space-charge equivalent battery. 
depletion region. That is, there is a depletion The physical distance from one side of the barrier 
of holes and a depletion of excess electrons in to the other is referred to as the width of the 
this region. Since the acceptor and the donor _ barrier. The width of the barrier depends on the 
ions are immobile (fixed) and are charged elec- density of holes and excess electrons in the ger- 
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manium crystal. The difference of potential from 
one side of the barrier to the other is referred to 
as the height of the barrier. The height of the 
barrier is the intensity of the electric field (volt- 
age of space-charge equivalent battery) and is 
measured in volts. With no external batteries 
connected, the barrier height is on the order of 
tenths of a volt. 

c. It is stated in @ above, that total recombi- 
nation of electrons and holes cannot occur. In- 
spection of the polarity of the space-charge 
equivalent battery confirms this statement. Note 
that the electrons in the N-type germanium are 
already at the highest positive potential (posi- 
tive terminal of space-charge equivalent battery) 
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within the crystal. The holes in the P-type ger- 
manium also are at the highest negative potential 
(negative terminal of space-charge equivalent 
battery) within the crystal. This condition pre- 
cludes the movement of holes or electrons across 
the PN junction. 


28. PN Junction, Reverse Bias 

a. Figure 30 shows what happens when an 
external battery with the indicated polarity is 
connected to a PN junction. Note that the nega- 
tive terminal of the battery is connected to the 
P-type germanium and the positive terminal of 
the battery is connected to the N-type germa- 
nium. The holes are attracted toward the nega- 
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Figure 30. PN junction showing reverse bias. 
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tive terminal and away from the junction. The 
electrons are attracted toward the positive termi- 
nal and away from the junction. This action 
widens the depletion region and increases the 
barrier height (potential). Compare the width 
of the depletion region of figure 29 and that of 
figure 30. 

5. Since the depletion region widens until the 
barrier height (potential of space-charge equiva- 
lent battery) equals the potential of the external 
battery, no current flow of holes or electrons 
occurs because the battery voltages are in oppo- 
sition. In this condition, the PN junction is 
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biased in the reverse direction; or simply, a re- 
verse bias ts placed across the PN junction. 

c. It is possible to apply a reverse bias greater 
than the largest possible barrier height. How- 
ever, if this is done, the crystal structure will 
break down. In normal applications, this condi- 
tion is avoided. The crystal structure will return 
to normal when the excess reverse bias is re- 
moved, provided that overheating does not per- 
manently damage the crystal. 


29. PN Junction, Forward Bias 


a. Figure 31 shows what happens when an 
external battery with the indicated polarity is 
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Figure 81. PN junction showing forward bias. 


connected to a PN junction. Note that the posi- 
tive terminal of the battery is connected to the 
P-type germanium and the negative terminal of 
the battery is connected to the N-type germa- 
nium, The holes are repelled from the positive 
terminal of the battery and drift toward the 
junction. The electrons are repelled from the 
negative terminal of the battery and drift toward 
the junction. Because of their acquired energy, 
some of the holes and the excess electrons pene- 
trate the depletion (space charge) region and 
combine (par. 27a). 

b. For each combination of an excess electron 
and a hole that occurs, an electron from the 
negative terminal of the external battery enters 
the N-type germanium and drifts toward the 
junction. Similarly, an electron from an elec- 
tron-pair bond in the crystal, and near the posi- 
tive terminal of the external battery, breaks its 
bond and enters the positive terminal of the 
external battery. For each electron that breaks 
its bond, a hole is created which drifts toward 
the junction. Recombination in and about the 
space-charge region continues as long as the ex- 
ternal battery is applied. 

e. Note that there is a continuous electron cur- 
rent in the external circuit. The current in the 
P-type germanium consists of holes, the current 
in the N-type germanium consists of electrons. 
In this condition, the PN junction is said to be 
biased in the forward direction. If the forward 
bias is increased, the current increases. 

d. In paragraph 275 it was stated that the 
barrier potential with no external battery con- 
nected is on the order of tenths of a volt: It 
would appear, therefore, that an external battery 
of very low voltage (about 1 volt) would elimi- 
nate the barrier completely. However, the larger 
the voltage of the external battery, the greater 
the current flow through the crystal. Since the 
crystal has a relatively high resistivity (several 
hundred thousand times that of copper (par. 
15)), increased current causes increased voltage 
drop on both sides of the barrier. The remain- 
ing voltage of the external battery does not over- 
come the barrier completely. Normally, 1 to 114 
volts is used to bias the PN junction in the for- 
ward direction. If excessive forward bias is 
used, excessive current will cause excessive ther 
mal agitation and breakdown of the crystal 
structure. 


30. Diode Action 


a. Paragraphs 26 through 30 cover the mech- 
anism of rectification through a PN germanium 


diode. Figure 32 is a plot of current flow versus 
voltage applied to a practical PN junction. Note 
that current flow in the forward bias direction 
is quite high (measured in ma). However, cur- 
rent flow in the reverse bias direction, although 
low (measured in pa), is not zero as might have 
been expected (par. 28). The reverse-bias cur- 
rent flow occurs because some acceptor ions and 
their associated holes occur in the N-type ger- 
manium (par. 19), and some donor ions and their 
associated excess electrons occur in the P-type 
germanium (par. 20). The holes found in N-type 
germanium and the excess electrons found in the 
P-type germanium are called minority carriers 
because they are so few in number compared to 
the majority carriers, holes in P-type, and excess 
electrons in N-type germanium. 

6. When the PN junction is biased in the re- 
verse direction for the majority carriers (par. 
28), the PN junction is biased in the forward 
direction (par. 29) for the minority carriers. 
The internal mechanism of conduction for the 
minority carriers when forward biased (majority 
carriers reverse biased) is identical with that for 
forward-biased majority carriers. 

ce. Note (fig. 32) that when a very high reverse 
bias is applied, a high reverse current flows. 
This high current is not due to the minority 
carriers. A breakdown of the single crystal 
structure occurs (par. 28¢). 
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Figure 32. Chart of current through and voltage across 
a PN junction. 
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Section IV. TRANSISTORS 


31. General 


Observation of figure 32 reveals that a PN 
junction biased in the forward direction is equiv- 
alent to a low-resistance element (high current 
for a given voltage). The PN junction biased 
in the reverse direction is equivalent to a high- 
resistance element (low current for a given volt- 
age). For a given current, the power developed 
in a high-resistance element is greater than that 
developed in a low-resistance element. (Power 
is equal to the current squared multiplied by the 
resistance value, or simply: P=J/?#.) If a crys- 
tal containing two PN junctions were prepared, 
a signal could be introduced into one PN junc- 
tion biased in the forward direction (low resist- 
ance) and extracted from the other PN junction 
biased in the reverse direction (high resistance). 
This would produce a power gain of the signal 
when developed in an external circuit. Such a 


DEPLETION 
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device would transfer the signal current from a 
low resistance circuit to a high resistance circuit. 
Contracting the terms transfer and resistor results 
in the term transistor. The detailed theory cov- 
ering the operation of the transistor is covered 
in paragraphs 32 through 34. 


32. PNP Transistor 

a. To form two PN junctions (par. 26), three 
sections of germanium are required. A, figure 
33, shows the three sections separated. When the 
three sections are combined (B, fig. 33), a éran- 
sistor is formed. This paragraph covers the 
combination of two sections of P-type germanium 
and one section of N-type germanium. This 
transistor is referred to as a PNP transistor. 
Paragraph 33 covers the combination of two sec- 
tions of N-type germanium and one section of 
P-type germanium to form an VPN transistor. 
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Figure 83. Two sections of P-type germanium and one section of N-type germanium, 
separated (A) and combined (B). 
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5. Note that when the three sections are com- 
bined, two depletion regions (barriers) occur at 
the junctions even though there is no application 
of external voltages, or fields. This phenomenon 
is the same as that. which occurs when fwo sec- 
tions of germanium are combined (par. 26). 

e. Paragraph 31 states that transistor action 
requires that one junction be biased in the for- 
ward direction and the second junction be biased 
in the reverse direction. 

(1) A, figure 34, shows the first junction 
biased in the forward direction. The 
second junction is not biased. Note that 
the depletion region (barrier) at the 


(2) 


while the depletion region at the second 
junction is unchanged. The conduction 
mechanism is identical with that covered 
in paragraph 29. 

B, figure 34, shows the second junction 
biased in the reverse direction. The 
first junction is not biased. Note that 
the depletion region (barrier) at the 
second junction increases. Except for 
minority carriers (par. 30), not shown 
here, no current flows across the junc- 
tion. This phenomenon is the same as 
that covered in paragraph 28. 


d. A, figure 35, shows what happens when 


first junction is considerably reduced junctions are biased simultaneously. Because of 
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Figure 34. Forward bias between emitter and base (A); reverse bias between base and collector (B). 
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Figure 85. Simultaneous application of forward bias between emitter and base and reverse bias between base 
and collector of PNP transistor ; theoretical transistor (A), and practical transistor (B). 


the simultaneous biasing, a large number of holes 
from the emitter does not combine with the elec- 
trons entering the base from the emitter-base 
battery. (See par. 34 for definitions of emitter, 
base, and collector.) Many of the holes diffuse 
through the base and penetrate the base-collector 
depletion region. In the collector region the 
holes combine with electrons that enter the col- 
lector from the negative terminal of the base- 
collector battery. If the holes that enter the 
base from the emitter-base junction avoid com- 
bination with electrons entering the base from 
the battery, the holes are attracted to the collec- 
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tor by the acceptor ions (negative) in the col- 
lector and the negative potential of the base- 
collector battery. 

e. To obtain maximum power gain in a tran- 
sistor, most of the holes from the emitter maust 
diffuse through the base region into the collector 
region. This condition is obtained in practice 
by making the base region very narrow com- 
pared to the emitter and the collector regions 
(B, fig. 35). In practical transistors, approxi- 
mately 92 to 99 percent of the current from the 
emitter reaches the collector. 


33. NPN Transistor 

The theory of operation of the NPN transistor 
is similar to that of the PNP transistor (par. 
82). However, inspection and comparison of 
figures 35 and 36 will reveal two important dif- 
ferences. 

a. The emitter-to-collector carrier in the PNP 
transistor is the hole. The emitter-to-collector 
carrier in the NPN transistor is the electron. 

b. The bias voltage polarities are reversed. 
This condition is necessitated by the different 
positional relationships of the two types of ger- 
manium as used in the two types of transistors. 


34. Transistors and Electron Tubes 


Some of the differences and similarities be- 
tween electron tubes and transistors are discussed 
in @ through e below. 

a. The main current flow in an electron tube 
is from cathode to plate (fig. 87). In a junction 
transistor, the main current flow is from emitter 
to collector. The current in the electron tube 
passes through the grid. In the transistor, the 
current passes through the base. The cathode, 
grid, and plate of the electron tube are com- 
parable to the emitter, base, and collector respec- 
tively of the transistor. 

b. Plate current is determined mainly by grid- 
cathode voltage. Collector current is determined 
mainly by emitter-base voltage. In this respect, 
the collector current-collector voltage character- 
istic of a transistor with fixed emitter-base volt- 
age (A, fig. 38) is similar to the plate current- 
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plate voltage characteristic of the pentode tube 
with fixed grid-cathode voltage (B, fig. 38). In 
the transistor, the steady rise of current from 
O to X with a rise of collector voltage indicates 
that a sufficient supply of carriers is flowing from 
the emitter-base barrier through the base-collec- 
tor barrier to satisfy the applied collector volt- 
age. This section of the characteristic represents 
low collector resistance. From X to Y, the col- 
lector current remains relatively constant in spite 
of the rising collector voltage, because the supply 
of carriers through the emitter-base barrier does 
not increase. This section of the characteristic 
represents high collector resistance. In the pen- 
tode tube, the leveling off of plate current from 
X to Y is due to the shielding of the plate by 
the screen and the suppressor grids. 

ce. The electron tube requires heater current to 
boil electrons from the cathode. The transistor 
has no heater. 

d. For current flow in an electron tube, the 
plate is always positive with respect to the 
cathode. For current flow in a transistor, the 
collector may be positive or negative with re- 
spect to the emitter, depending on whether 
electrons or holes respectively are the emitter- 
to-collector carriers. 

e. For most electron tube applications, grid- 
cathode current does not flow. For most tran- 
sistor applications, current flows between emitter 
and base. Thus, in these cases, the input resist- 
ance of an electron tube is much higher than 
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Figure 86. Simultaneous application of forward bias between emitter and base and 
reverse bias between base and collector of an NPN transistor. 
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Pigure 3%. Internal structure of triode electron tube 
and junction transistor. 


its output resistance and similarly the input re- 
sistance of a transistor is much lower than its 
output resistance. 


35. Summary 


a. All matter is composed of one or more 
elements. 

b. The smallest part of an element which can 
take part in ordinary chemical changes is called 
an atom. 


«0 


e. Atoms are composed of positively charged 
particles called protons, negatively charged par- 
ticles called electrons, and uncharged particles 
called neutrons. 

d. A conductor is a material that has many 
loosely held electrons. Examples are silver, cop- 
per, and aluminum. 

e. An insulator is a material that has few 
loosely held electrons. Examples are rubber, 
glass, and porcelain. 

f. A semiconductor is a material the resistivity 
of which is between those of conductor and insu- 
lators. Examples are germanium, silicon, and 
carbon (in diamond form). 

g. A crystal is a material with atoms arranged 
in a specific pattern. 

h. The properties and characteristics of poly- 
crystalline materials such as copper, and silver 
are quite different from those of single crystal 
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Figure 88. Collector characteristic for junction transistor, 
and plate characteristic for pentode electron tube. 


materials; single crystal materials are prepared 
for transistor use. Germanium and silicon may 
be processed as single crystal materials. 

4. Electrons shared by adjacent atoms in a 
crystal form electron-pair bonds. 

j. N-type germanium contains donor impuri- 
ties. Donor impurities are materials which have 
five valence electrons, one of which cannot form 
an electron-pair bond. This electron is called an 
excess electron. 

k. Arsenic, antimony, and phosphorus are 
examples of donor materials. 

i, P-type germanium contains acceptor impuri- 
ties. Acceptor impurities are materials which 
have three valence electrons. Because four va- 
lence electrons are required to form and complete 
all adjacent electron-pair bonds, a hole is created. 

m. Aluminum, boron, gallium, and indium are 
examples of acceptor impurities. 

n. A hole can be considered a positive charge 
which diffuses or drifts through a crystal. The 
drift of holes constitutes a current. 

o. A depletion (space charge) region occurs 
at a PN junction. The potential difference 


across the depletion region is called a barrier. 
The width of the barrier is the width of the de- 
pletion region. The potential difference is called 
the height of the barrier. 

p. Forward bias of a PN junction causes heavy 
current (flow of majority carriers). Reverse bias 
causes very low current (flow of minority car- 
riers). 

g. A junction transistor is a sandwich of P-, 
N-, and P-type germanium, or N-, P-, and N-type 
germanium. 

r. Holes constitute the main current through 
the PNP transistor. Electrons constitute the 
main current through the NPN transistor. 

s. The emitter, base, and collector of the tran- 
sistor are comparable to the cathode, grid, and 
plate respectively of the vacuum tube. 

t. The emitter-base junction is normally biased 
in the forward (low-resistance) direction. 

u. The base-collector junction is normally 
biased in the reverse (high-resistance) direction. 

». Collector current depends on the emission 
of carriers from the emitter-base barrier. 
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CHAPTER 3 
TRANSISTOR AMPLIFIER FUNDAMENTALS 


36. Reference Designations and Graphical 
Symbols 


The reference designations and graphical sym- 
bols for transistors are shown in B and C, figure 
39. For comparison purposes, those of a triode 
electron tube are also included (A, fig. 39). 

a. Reference Designations. The letter portion 
of the reference designation for an electron tube 
is V. The number portion may be any whole 
number. For the transistor, the letter portion 
of the reference designation is @ and the number 
portion may be any whole number. 

b. Graphical Symbols. 

(1) The three element (triode) electron tube 
requires only one graphical symbol (A, 
fig. 89), because conduction within an 
electron tube occurs only through the 
movement of electrons. As a result, the 
plate must be at a positive potential with 
respect to the cathode for current to 
flow. The electrons in the external cir- 
cuit will flow only from plate to cathode. 

(2) In the PNP transistor (B, fig. 39) the 
emitter to collector current carrier in 
the crystal is the hole (par. 32). For 
holes to flow internally from emitter to 
collector, the collector must be negative 
with respect to the emitter. In the ex- 
ternal circuit, electrons flow from emit- 
ter (opposite to direction of the emitter 
arrow) to collector. 

(8) In the NPN transistor (C, fig. 39), the 
emitter to collector current carrier in 
the crystal is the electron (par. 33). 
For electrons to flow internally from 
emitter to collector, the collector must 
be positive with respect to the emitter. 
In the external circuit, electrons flow 
from the collector to the emitter (oppo- 
site to direction of the emitter arrow). 
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Figure 39. Transistor and triode electron tube reference 


designations and graphical symbols. 


37. Transistor Amplifier Generalizations 

The following generalizations are extremely 
helpful in analyzing the qualitative (nonmathe- 
matical) behavior of transistor circuitry. These 
generalizations apply to a transistor circuit that 
is operated as a Clase A amplifier. 

a. The first letter of the type of transistor 
indicates the polarity of the emitter voltage with 


respect to the base. A PNP transistor has posi- 
tive de voltage applied to the emitter. An NPN 
transistor has negative de voltage applied to the 
emitter. 

b. The second letter of the type of tramsistor 
indicates the polarity of the collector with respect 
to the base. A PNP transistor has negative de 
voltage applied to the collector. An NPN tran- 
sistor has positive de voltage applied to the col- 
lector. 

c. The first and second letter of the type of 
transistor indicate the relative polarities between 
the emitter and the collector respectively. In a 
PNP transistor, the emitter is positive with re- 
spect to the collector; the collector is negative 
with respect to the emitter. In an NPN tran- 
sistor, the emitter is negative with respect to the 
collector; the collector is positive with respect 
to the emitter. 

d. The de electron current direction is always 
against the direction of the arrow on the emitter 
(B and G, fig. 39). 

e. If the electrons flow into or out from the 
emitter, the electrons flow out from or into the 
collector, respectively. 

f. The base-emitter junction is always forward 
diased. 

g. The collector-base junction is always re- 
versed biased. 

h. An input voltage that aids (increases) the 
forward bias increases the emitter and collector 
currents. 

i. An input voltage that opposes (decreases ) 
the forward bias decreases the emitter and col- 
lector currents. 


38. Transistor Arrangements 


Several circuit arrangements for introducing 
a signal into the transistor and extracting the 
signal from the transistor are possible. 

a. Common-Base Amplifier. 

(1) In A, figure 40, the signal is introduced 
into the emitter-base circuit, and ex- 
tracted from the collector-base circuit. 
The base element of the transistor is 
common to the input circuit and the 
output circuit. For this reason, the con- 
figuration is referred to as a common- 
base (CB) amplifier. 

(2) In equipments employing electronic cir- 
cuits, a large number of points may be 
at the same potential. To simplify the 


(3) 


wiring, all these points are usually con- 


nected to one wire (a bus bar) or to the 
metallic chassis, which is referred to as 
ground or chassis ground. Usually the 
common element of a three-element de- 
vice is at ground potential and is con- 
nected to chassis directly (de and ac 
ground) or through a low-impedance 
capacitor (ac ground only). The com- 
mon-base circuit therefore is also re- 
ferred to as the grounded-base amplifier. 
A similar circuit arrangement employ- 
ing the triode electron tube is shown in 
B, figure 40. This circuit is called the 
grounded-grid amplifier. Note that the 
comparable elements (par. 34) of the 
transistor and the electron vacuum tube 
assume the same relative positions with- 
in their respective circuits. The two 
circuits are similar to the extent that the 
input impedance is low and the output 
impedance is high. For typical values 
of input and output impedances and 
voltage, current and power gains of the 
CB amplifier, refer to paragraph 105. 


b. Common-Emitier Amplifier. 


(1) 


(2) 


In ©, figure 40, the signal is introduced 
into the base-emitter circuit and ex- 
tracted from the collector-emitter cir- 
cuit. The emitter element of the tran- 
sistor is common to the input circuit 
and the output circuit; this configura- 
tion is referred to as the common-emitter 
(CE) amplifier or the grounded-emitter 
amplifier. 

A similar circuit arrangement employ- 
ing the triode electron tube is shown in 
D, figure 40. Although this is a com- 
mon- or grounded-cathode amplifier, it 
is not usually referred to as such. This 
circuit is considered the standard, or 
conventional, triode amplifier. Other 
circuit arrangements (B and F, fig. 40) 
were subsequently designed and given 
the names used in this manual. For 
detailed coverage of the conventional 
(grounded cathode) amplifier, refer to 
TM 11-662. For typical values of in- 
put and output impedances, voltage, 
current, and power gains of the com- 
mon-emitter amplifier, refer to para- 
graph 105. 
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(3) If an NPN transistor were to be used 
in the circuit (C, fig. 40), the polarities 
of the biasing batteries would have to be 
opposite to those shown to maintain for- 
ward bias in the base-emitter circuit and 
reverse bias in the collector-base circuit. 

c. Common-collector Amplifier. 

(1) In E, figure 40, the signal is introduced 
into the base-collector circuit and ex- 
tracted from the emitter-collector circuit. 
The collector element of the transistor 
is common to the input circuit and the 
output circuit; this configuration is re- 
ferred to as the common-collector (CC) 
amplifier or the grownded-collector am- 
plifier. 

(2) A similar circuit arrangement employ- 
ing the triode electron tube is shown in 
F, figure 40. This circuit is called the 
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cathode follower. If the circuit does 
not look familiar, it is because it is 
drawn so that the comparable elements 
of the transistor and the electron tube 
are in the same relative positions in 
their respective circuits. For detailed 
coverage of the cathode follower, refer 
to TM 11-670. For typical values of 
input and output impedances, voltage, 
current, and power gains of the com- 
mon-collector circuit, refer to paragraph 
105. 


39. Additional Bias Arrangements 

Proper biasing of a class A transistor ampli- 
fier, regardless of the circuit configuration used 
(par. 38), consists of forward bias on the emit- 
ter-base circuit and reverse bias in the collector- 
base circuit. One method for achieving proper 
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Figure 40. Basic amplijier conjigurations using transistors or triode vacuum tubes. 


bias for each circuit configuration is shown in A, 
C, and E, figure 40. Other methods are dis- 
cussed in a, b, and ¢ below. A detailed study 
of bias considerations is covered in chapter 5. 

a. Common-Base Amplifier. In order to oper- 
ate the common-base amplifier with w single bat- 
tery (fig. 41), a voltage-divider network is re- 
quired. The collector-base bias is achieved di- 
rectly by the battery in the collector-base circuit. 
Since the transistor shown is a PNP transistor, 
reverse bias is achieved by making the collector 
negative with respect to the base, as shown. For- 
ward bias in the emitter-base circuit (PNP tran- 
sistor) requires that the emitter be positive with 
respect to the base. This condition is achieved 
by the voltage divider network consisting of re- 
sistors R3 and R4. The electron current (/) 
from the battery and through the voltage divider 
is in the direction shown. This current flow 
causes a voltage drop across resistor R3 with 
polarity as indicated. This voltage drop places 
the emitter at a positive potential with respect 
to the base. If an NPN transistor were used, 
the battery only would have to be reversed. 
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Figure 41. Common-base amplifier with single battery 
bias. 


b, Common-Emitter Amplifier 

(1) There are two methods of introducing 
bias voltages from separate batteries 
into the common-emitter amplifier. The 
first method (C, fig. 40) is used if it is 
desired to place the emitter at ac and dc 
ground potential in an equipment. The 
second method (A, fig. 42) is used if it 
is desired to have the base-emitter bias 
battery series aid the collector-emitter 
battery. If an NPN transistor were 
used, both batteries would have to be 
reversed in direction. 

(2) The common emitter amplifier may also 
be biased with a single battery (B, fig. 
42). The single battery directly pro- 
duces the required reverse bias voltage 
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Figure 42. Common-emitter amplifier using two bias 
batteries, or a single bias battery. 


in the collector-base circuit. To under- 
stand the method by which the forward 
bias between the emitter and the base is 
produced by the single battery, a knowl- 
edge of the internal structure of the 
transistor is required. It has been stated 
previously that forward bias for the 
PNP transistor requires the base to be 
negative with respect to the emitter. In 
a PNP transistor, the collector is at the 
highest negative potential; the emitter 
is at the highest positive potential. 
Structurally the base is between the two, 
and therefore must assume a voltage be- 
tween the two. Thus the base must be 
less positive than the emitter or, in 
other words, negative with respect to the 
emitter. This condition satisfies the re- 
quirement of polarity necessary to pro- 
duce a forward bias. Current flow 
through the base lead is covered in para- 
graph 43. The magnitude of the volt- 
age between the emitter and the base 
must be very small compared to that 
between the collector and the base. In- 
ternally, the two PN junctions act as 
a voltage divider. The PN junction be- 
tween the collector and the base repre- 
sents a high resistance and develops the 
larger voltage drop. The PN junction 
between emitter and base represents a 
low resistance and develops a low volt- 
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age as required. Use of a single battery 
with external voltage dividers is covered 
in chapter 5. 

ce. Common-Collector Amplifier. 

(1) There are three methods of introducing 
bias voltages from separate batteries 
into the common-collector amplifier. 
One method is shown in EF, figure 40. 
A second and a third method are shown 
in A and B, figure 43. In each case the 
batteries establish the proper forward 
bias (base-emitter) and the reverse bias 
(base-collector). If an NPN transistor 
were to be substituted, the polarities of 
both batteries in each circuit would have 
to be reversed. 

(2) The common-collector amplifier can also 
be biased with a single battery (C, fig. 
48). The reverse bias (base-collector) 
is established directly by the battery. 
The forward bias (base-emitter) depends 
on the internal structure of the tran- 
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Figure 48. Common-collector amplifiers using two bias 
batteries or a single bias battery. 
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sistor. The internal mechanism for es- 
tablishing the forward bias is the same 
as that covered in 6(2) above. 


40. Current Flow and Voltage Phase Rela- 
tions, CB Amplifier 

a. Current Flow. Electron current flow 
through an NPN CB amplifier is indicated by 
the d.rection of the arrows in figure 44. To sim- 
plify the circuit explanation, the flow of the 
minority carriers across the reverse-biased base 
collector junction has been ignored. In para- 
graph 34a it was stated that most of the current 
from the emitter flows toward the collector. In 
practical transistors, from 92 to 98 percent of the 
emitter current reaches the collector; the remain- 
der flows through the base. In the figure, the 
total emitter current is represented by the letter 
I. For discussion purposes it is assumed that 
95 percent (or 0.957) of the current reaches the 
collector; 5 percent (or 0.05/) flows to the base. 
If a PNP transistor were to be used, the polari- 
ties of the batteries would have to be reversed, 
but the voltage phase relationship would be the 
same. 

b. Voltage Phase Relations. 

(1) The wave forms on the illustration rep- 
resent voltage wave forms. The input 
signal produced by the signal generator 
is on the left and the output signal de- 
veloped across resistor Ri is on the 
right. Consider an instant of time when 
the voltage (AB) from the signal gen- 
erator opposes the forward bias pro- 
duced by the base-emitter battery. The 
resultant forward bias at this instant 
has been reduced, thereby reducing the 
total current (/) flowing through the 
emitter. By corresponding amounts, the 
collector and the base currents have been 
reduced. The reduced current flow 
through resistor R1 causes the top point 
of the resistor to become less negative 
(or more positive) with respect to the 
lower point . This effect is shown by AB 
on the output wave form. For the en- 
tire half cycle that the input signal goes 
positive and opposes the forward bias, 
the output signal goes positive. 

(2) Consider a second instant of time when 
the voltage (CD) from the input signal 
aids the forward bias produced by the 
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Figure 44. Common base (CB) amplifier, current flow and voltage wave forms. 


base-emitter battery. The resultant for- 
ward bias at this instant has been in- 
creased, thereby increasing the total 
current (7) flowing through the emitter. 
By corresponding amounts, the collector 
and the base currents have been in- 
creased. The increased current flow 
through resistor R1 causes the top point 
of the resistor to become more negative 
(less positive) with respect to the lower 
point. This effect is shown by (CD) on 
the output wave form. For the entire 
half cycle that the input signal goes 
negative and aids the forward bias, the 
output signal goes negative. 

(8) From the above discussion, it can be con- 
cluded that there is no voltage phase re- 
versal between the input and the output 
signal of a CB amplifier. 


41. Current Flow and Voltage Phase Rela- 
tions, CE Amplifier 

a. Current Flow. The electron current flow 
through an NPN CE amplifier is indicated by 
the direction of the arrows in figure 45. To 
simplify the circuit explanation, the flow of the 
minority carriers across the reverse-biased base- 
collector junction has been ignored. The portions 
of emitter current that flow through the collector 
and the base were discussed in paragraph 40a. 
If a PNP transistor were to be used, the polari- 
ties of the batteries would have to be reversed 


but the phase relationship would be the same. 
b. Voltage Phase Relations. 


(1) 


(2) 


Consider an instant of time when the 
input voltage (AB) from the signal 
generator aids the forward bias pro- 
duced by the base-emitter battery. The 
resultant forward voltage at this instant 
is increased, thereby increasing the total 
current (/) flowing through the emitter. 
By corresponding amounts the collector 
and the base currents are increased. 
The increased current flow through load 
resistor Ri, causes the top part of the 
resistor to become more negative (less 
positive) with respect to the lower part. 
This effect is shown by AB on the out- 
put waveform. For the entire half cycle 
that the input signal goes positive and 
aids. the forward bias, the output signal 
goes negative. 

Consider a second instant of time when 
the voltage (CD) from the signal gen- 
erator opposes the forward bias pro- 
duced by the emitter-base battery. The 
resultant forward voltage is decreased, 
thereby decreasing the emitter current. 
By corresponding amounts the collector 
and the base currents are decreased. 
The decreased current through load re- 
sistor R1 causes the top point of the re- 
sistor to become less negative (or more 
positive) with respect to the lower point. 
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Figure 45. Common-emitter (CE) amplifier, current flow and voltage wave forms. 
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This effect is shown by CD on the out- 
put waveform. For the entire half cycle 
that the input signal goes negative and 
opposes the forward bias, the output 
signal goes positive. 

(3) From the above discussion, it can be 
concluded that the input signal voltage 
is reversed 180° in phase in going 
through the CE amplifier. 


42. Current Flow and Voltage Phase Rela- 
tions, CC Amplifier 

a. Current Flow. The electron current flow 
through an NPN CC amplifier is indicated by 
the direction of the arrows in figure 46. To sim- 
plify the circuit explanation the flow of minority 
carriers across the reverse-biased collector-base 
junction has been ignored. The portions of 
emitter current that flow through the collector 
and the base were discussed in paragraph 40a. 
If a PNP transistor were to be used, the polari- 
ties of the batteries would have to be reversed 
but the voltage phase relationship would be the 
same. 

b. Voltage Phase Relations. 

(1) Consider an instant of time when the 
input voltage (AB) from the signal 
generator aids the forward bias voltage. 
The resultant forward voltage at this 
instant increases, thereby increasing the 
total emitter current (7). The increased 
current through load resistor R1 causes 
the top point of the resistor to become 
more positive with respect to the lower 
part. This effect is shown by AB on 
the output waveform. For the entire 
half cycle that the input signal is posi- 
tive, the output signal is also positive. 

(2) When the input signal is negative (CD), 
the forward bias is reduced and the 
emitter current is correspoadingly re- 


duced. The reduction in emitter current 
causes the top point of load resistor R1 
to become less positive (more negative) 
with respect to the lower part. This 
effect is shown by CD on the output 
waveform. For the entire half cycle 
that the input signal is negative, the 
output signal is also negative. 

(3) From the above discussion, it can be 
concluded that there is no phase re- 
versal of the signal amplified by the CC 
amplifier. 


43. Base Lead Current 
a. General. 

(1) In figures 44, 45, and 46 the electron 
current in the base lead for an NPN 
transistor is shown to flow away from 
the base region. This direction of elec- 
tron current flow may, or may not, be 
the case for an NPN transistor em- 
ployed in a specific circuit application. 
Figures 44, 45, and 46 neglect the re- 
verse current flow between the collector 
and the base (par. 30). 

(2) For a PNP transistor, the electron cur- 
rent flow in the base lead would be 
toward the base region at all times, if 
the reverse bias collector-base current 
were to be ignored. 

(3) Actually for either type transistor, the 
direction of electron current flow in the 
base region depends on the percentage 
of emitter current that enters the base 
lead and the magnitude of the reverse 
bias collector-base current that enters 
the base lead. These values in turn de- 
pend on the operating point of the tran- 
sistor and the characteristics of the 
specific transistor. A discussion of the 
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Figure 46. Common-collector (CC) amplifier, current flow and voltage waveforms. 
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current flow in an NPN transistor is 
given in ¢ below; the PNP transistor 
is discussed in d below. The letter sym- 
bols used in the discussion are explained 
in 6 below. 


b. Letter Symbols. 


(1) 


(2) 
(3) 


The current gain of the CB amplifier is 
the ratio of the collector current to the 
emitter current. This value is important 
in transistor electronics and is referred 
to as alphayy (a). With f being the 
current from the emitter to the collector 
(in a forward direction), and 0 indicat- 
ing that a common-base amplifier is being 
used. The exact formula for and math- 
ematical derivation of ef, is given in 
paragraph 62¢c(3). Roughly, however, 
ap represents the percentage of emitter 
current that reaches the collector. 

The total emitter current is designated 
Le. 

The reverse bias current flow between 
base and collector (par. 74a), also re- 
ferred to as saturation or leakage current, 
is designated /czo. The subscript letters 
indicate a collector-base current, meas- 
ured with the emitter open. 


ce. NPN Transistor. 


(1) 


(2) 


Figure 47 shows an NPN transistor with 
proper biases applied. To the minority 
carriers (electrons) in the base region 
(par. 30), the base region acts as N-type 
germanium. This is indicated by the 
circled V. To the minority carriers 
(holes) in the collector region, the col- 
lector region acts as P-type germanium. 
This is indicated by the circled P. 

The emitter current (/.) consists of elec- 
trons; 92 to 99 percent of the electrons 
(as Ze) go through the base region and 
the collector region into the positive ter- 
minal of the collector-base battery. 
About 1 to 8 percent of the emitter elec- 
trons (Je—ary Ze) (total emitter current 
less current that flows to collector) com- 
bine in the base-emitter junction with 
holes from the base region. These holes 
are generated in the base region and near 
the base lead. Generation of the holes 
causes an electron current to flow in the 
base lead and away from the base. 


(3) In addition, reverse-bias current Jono 
flows between base and collector. Jeno 


consists of a flow of electrons in the base 
region that combine with holes from the 


collector region at the base-collector junc- 
tion. The reverse bias current causes a 
flow of electrons in the base lead and 
toward the base. 

(4) The direction of electron flow ((2) and 
(8) above), in the base lead depends on 
the relative magnitudes of (Je—aple) 
and Jezo. For clarification, study the 
following examples: 

Example 1: 
Given: J,=1 ma 
Ieso=0.01 ma 
ayy = 0.92 
Determine emitter-base current: 
I,—apJ,=1—0.92X1 
=0.08 ma 
Conclusion: The emitter-base cur- 
rent (0.08 ma) is larger than the 
collector-base current (/cz0=0.01 
ma), so that the base lead current 
(fig. 47), 0.07 ma, is flowing away 
from the base. 
Example 2: 
Given: 7,=1 ma 
Iezo=0.02 ma 
ayy» =0.99 
Determine emitter-base current: 
T,—apI.=1—0.99X1 
=0.01 ma 
Conclusion: The collector-base cur- 
rent( 7¢so=0.02 ma) islarger than 
the emitter-base current (0.01 ma) 
so that the base lead current (fig. 
47) 0.01 ma, is lowing toward the 
base. 


d. PNP Transistor. The discussion in ¢ above, 
applies also to the PNP transistor (fig. 48). 
Internally, however, the electron and the hole 
currents are interchanged. Externally the po- 
larity of the biases and the directions of electron 
current flow are reversed. 


44. Summary 

a. Because of the existence of PNP and NPN 
transistors, a graphical symbol is required to 
represent each type transistor. 
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Figure 47. Current flow in NPN transistor. 
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Figure 48. Current flow in PNP transistor. 


b. The transistor can be connected as a com- 
mon base, a common collector, or a common- 
emitter amplifier. 

ec. The circuit configuration of the common 
emitter amplifier is similar to that of the conven- 
tional (common-cathode) amplifier. 

d. The circuit configuration of the common- 
base amplifier is similar to that of the grounded 
(common) grid amplifier. 

e. The circuit configuration of the common-col- 
lector amplifier is similar to that of the cathode 
follower (common plate) amplifier. 


f. Each transistor configuration may be biased 
with two batteries or a single battery. 

g. There is no voltage phase reversal of a signal 
amplified by a common-base or a common-collector 
amplifier. 

h. There is a 180° voltage phase reversal of a 
signal amplified by a common-emitter amplifier. 

i. The de electron current through the base lead 
of a transistor (NPN or PNP) may flow toward or 
away from the base region, depending on the rela- 
tive magnitudes of the base-emitter current (J.— 
arofe) and the saturation current (J¢zo). 
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CHAPTER 4 
PARAMETERS, EQUIVALENT CIRCUITS, AND CHARACTERISTIC CURVES 


Note. The mathematical analysis of the transistor as contained in this chapter requires the reader to have a 
knowledge of algebraic equations. Chapters 5 through 13 may be comprehended without covering chapter 4. 


ee 


Section I. INTRODUCTION 


45. General 


a. The circuit behavior of any electrical ele- 
ment or device can be expressed in terms of 
mathematical equations. The mathematical equa- 
tions, however, only can show relationships 
among currents, voltages, resistances, induct- 
ances, and capacitances. These quantities, or 
dimensions, including their mathematical com- 
binations, can be measured directly or indirectly 
and are called parameters. Under most oper- 
ating conditions, a circuit element or device such 
as @ resistor, a capacitor, an inductor, a current 
generator, or a voltage generator exhibits a single 
characteristic and may be represented in an equa- 
tion by a single parameter. A circuit element 
or device such as a quartz crystal, an electron 
tube, or a transistor (A, C, or E, fig. 49) is more 
complex (exhibits characteristics of more than 
one parameter) and must be represented by an 
equivalent circuit (B, D, or F, fig. 49) which 
may consist of resistance, capacitance, induct- 
ance, and possibly voltage, and current gener- 
ators. 

b. Equivalent circuits of quartz crystals, elec- 
tron tubes, and transistors are discussed in (1), 
(2), and (3) below. 

(1) An equivalent circuit of a quartz crystal 
is shown in B, figure 49. The effect of the 
quartz crystal in a given circuit is that of 
two capacitors, an inductor, and a resistor 
connected asshown. Once the equivalent 
circuit has been determined, the behavior 
of the crystal over a wide range of ap- 
plied voltages at varying frequencies can 
be computed by expressing the relation- 
ships of the parameters (within the 
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dashed line) in mathematical equations. 
Such computations permit the prediction 
of the behavior of the crystal in a par- 
ticular circuit without actually construct- 
ing the circuit. 

(2) The equivalent circuit for an electron 
tube is shown in D, figure 49. This 
equivalent circuit shows that an electron 
tube can be represented by a voltage gen- 
erator (u0,) in series with a resistor (7p). 
The procedure for developing this equiva- 
lent circuit for the electron tube is covered 
in TM 11-662. Using this equivalent cir- 
cuit, it is possible to compute the input 
and output resistances, the voltagé, cur- 
rent, and power gains, under many 
operating conditions without making 
actual measurements for each operating 
condition. 

(3) An equivalent circuit for the transistor 
is shown in F, figure 49. This equiva- 
lent circuit indicates that the transistor 
can be represented by two resistors, a 
voltage generator, and a current gener- 
ator, connected as indicated. The pro- 
cedure for developing this equivalent 
circuit is covered in paragraphs 47 
through 53. Using the equivalent cir- 
cuit, the formulas for calculation of in- 
put and output resistances, and current, 
voltage, and power gain may be devel- 
oped (pars. 54-58). 


46. CE Amplifier 


a, In paragraph 38} the transistor CE ampli- 
fier was compared to the electron tube common- 
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Figure 49. Crystal, electron tube, and transistor circuite and their equivalent circuits. 


cathode (conventional) amplifier. In equipments 
containing electron tubes, the conventional am- 
plifier is most often used. In equipments con- 
taining transistors, the CE amplifier is most 
often used because it provides current, voltage, 
and power gain while the CB amplifier current 
gain is always less than 1 and the CC amplifier 
voltage gain is always less than 1. The CB am- 
plifier is used most often to match a low-im- 
pedance circuit to a high-impedance circuit. The 


CC amplifier is used most often to match a high- 
impedance circuit to a low-impedance circuit. 

b. Because the CE amplifier is most often used, 
the procedure for the development of its equiva- 
lent circuit is covered in detail in paragraphs 
49 through 53. The equivalent circuits of the CB 
and CC amplifiers and the resultant formulas 
for voltage, current, and power gain and input 
and output resistances are explained briefly in 
paragraphs 61 through 64. 
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Section Il. HYBRID PARAMETERS 


47. Choice of Dependent and Independent 
Variables 


Tf a device, for which an equivalent circuit must 
be developed, is considered as an unknown object, 
such as a black box (fig. 50), the only information 
available would be the currents (2, %-) and volt- 
ages (Ure, Yce) measured at the input and output 
terminals. Before equations can be established to 
show the relationships among the currents and 
voltages, it must be decided which quantities shall 
be considered dependent variables and whichquan- 
tities, independent variables. Any two quantities 
may be designated as dependent variables with the 
other two becoming independent variables. The 
choice is arbitrary, but each choice results in dif- 
ferent equivalent circuits. This means that there 
are several possible combinations of circuit ele- 
ments (resistors, capacitors, inductors) and de- 
vices (generators) which can electrically represent 
the unknown object. Regardless of the chosen 
equivalent circuit, the same results are obtained for 
the input and output resistances, and current, 
voltage and power gain. 

Note. Lower-case letters are used for ac current and 


voltage values; upper-case letters are used for de current 
and voltage values. 

a. When the two voltages (vse, Yee) are chosen 
as the dependent variables, and the two currents 
(é, é-) avexchosen as the independent variables, 


x 


the followin? general euations can be written: 
Mre=fi (r, te) and 


tee=fe (to, te) 

The first equation states that base voltage v. (de- 
pendent variable) is determined by (or (f) is a 
function of) base current 2, and collector current 
i, (independent variables). The second equation 
states that collector voltage vee (dependent varia- 
ble) is determined by base current %, and collector 
current i, (independent variables). This choice 
of dependent and independent variables results in 
an equivalent circuit whose parameters are called 
open-circuit parameters. This equivalent circuit 
is discussed in paragraphs 68 and 69, 

6. When the two currents (%, 7) are chosen 
as the dependent variables, and the two voltages 
(vey Voc) are chosen as the independent variables, 
the following general equations can be written: 


to=fi (Une, Vee) and 
t=fe (Pde; Vee)- 
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These equations are interpreted in the same man- 
ner as those in a above. This choice of depend- 
ent and independent. variables results in an equiv- 
alent circuit whose parameters are called short- 
circuit parameters. This equivalent circuit is dis- 
cussed in paragraphs 70 and 71. 
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Figure 50. Black bor containing device for which equiv- 
alent circuit ia to be developed. 


c. When base voltage vze and collector current 
z, are chosen as thé dependent variables, and base 
current 7 and collector voltage vce are chosen as 
the independent variables, the following general 
equations can be written : 

Vre=hi (toy Vee) and 

tc=Sa (to, Vee) 
These equations are interpreted in the same man- 
ner as those in a above. This choice of depend- 
ent and independent variables results in an equiv- 
alent circuit whose parameters are called hybrid 
parameters. The reason for the term hybrid 
parameters is covered in paragraph 53a. Since 
this equivalent circuit is in most common use, its 
development wil] be discussed in detail} in para- 
graphs 49 through 58. 

d. Other choices of dependent and independent 
variables are theoretically possible, but have no 
practical application and are not discussed, 


48. Base Current and Collector Voltage as 
Independent Variables 


a. The most commonly used equivalent circuit 
(par. 47%c) is that using hybrid parameters. 
Hybrid parameters may be developed by consid- 
ering the base current and the collector voltage 
as the independent variables. Some practical 
considerations ( and ¢ below), of the transistor 
indicate that base current and collector voltage 
are most easily controlled externally and would 
therefore naturally be selected as the independent 
variables. When these two quantities are deter- 


mined, then the dependent variables, base volt- 
age, and collector current, may then be estab- 
lished. 

b. Consider the input circuit of an electron 
tube (where the grid voltage is the independent 
variable) as opposed to the input circuit of a 
transistor (where the base-emitter current is the 
independent variable) : 

(1) In an electron tube, the diode formed by 
the grid and the cathode is actually a 
reverse-biased diode. Because of the 
high resistance. the grid voltage may be 
easily measured and controlled. The 
input resistance of an electron tube is 
usually much greater than the resistance 
of the signal source, so that the signal 
source appears as a constant voltage 
source. Grid current rarely flows and 
when it does it is usually negligible in 
magnitude. 

(2) The input circuit of a transistor (base- 
emitter for all configurations) is a for- 
ward-biased diode. Because of the low 
resistance, the base-emitter current is 
easily measured and controlled. The 
input resistance of the transistor is 
usually much smaller than the resist- 
ance of the signal source, so that the 
signal source appears as a constant cur- 
rent source. Base-emitter voltage is 
usually very small, measured in tenths 
of a volt. Under these conditions, con- 
sideration of the base-emitter current as 
an independent variable is desirable. 

ce. In the collector circuit, the collector voltage 
is considered the independent variable; the col- 
lector-base circuit exhibits a high resistance. 
Because of this high resistance, the collector 
voltage is easily measured and controlled. The 
collector base resistance is much higher than the 
internal resistance of the power source feeding 
the collector, so that the power source appears 
as a constant voltage generator. Under. these 
conditions, consideration of the collector voltage 
as an independent variable is desirable. 


49. Development of Input Circuit Equation 
a, In paragraph 47¢, the general equation re- 
lating base voltage w. (dependent variable) to 
base current i and collector voltage v.. (inde- 
pendent variables) was expressed as follows: | 


Ore=hi 1 Go, ea) 


Since base voltage 1. is the input voltage (fig. 50), 
this equation is the input circuit equation. The 
expansion and application of this equation are dis- 
cussed in 6 and ¢ below: 

6, Expansion of the equation (@ above), fol- 
lows: 

(1) Determine the effect of each of the in- 
dependent variables (%, %-) on the de- 
pendent variable (™.). Then, add the 
separate effects to obtain the total effect 
of the independent variables on the de- 
pendent variable. 

(2) This procedure is comparable to de- 
termining the speed of a ship operating 
under its own power in a current (mov- 
ing body) of water. The total speed 
(dependent variable) of the ship is the 
sum of the speed of the ship due to its 
own power (first independent variable) 
and the speed of the ship due to the cur- 
rent (second independent variable). To 
calculate the speed of the ship, the speed 
of the ship operating under its own power 
is still water (second independent vari- 
able=0) and the speed of the ship in the 
moving body of water with its power 
turned off (first independent variable=0) 
must be known. The speed of the ship 
will then be the sum of these two values. 
Similarly in the case of the general equa- 
tion (@ above), the effect of the ac base 
current (first independent variable) on 
the ac base voltage (dependent variable) 
must be obtained while the collector volt- 
age (second independent variable) is kept 
at Zero (vce=0). This is discussed in (4) 
below. Next, the effect of the ac collector 
voltage (second independent variable) on 
the ac base voltage (dependent variable) 
must be obtained while the ac base current 
(first independent variable) is kept at 
zero (%=0). This is discussed in (5) 
below. 

Note. In practice the ac voltage across the 
transistor input and output terminals is made 
zero, while maintaining a dc bias voltage, by 
Placing a low-reactance capacitor across the 
terminals. The ac current to the transistor 
input or output terminals is made zero, while 
maintaining a de bias current, by placing a 
high-reactance coil in series with the terminals. 
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(3 


— 


(4) 


The effect of base current (2) on base 
voltage (vse) while collector voltage (vce) 
is at zero (vce=0) can be determined by 
use of the circuit shown in A, figure 51. 
To keep ac collector voltage at zero, the 
output circuit is ac short-circuited. A 
current generator varies base current 7 
(measured by ammeter /), while the vari- 
ations of base voltage v- are measured 
by voltmeter V. The ratio of base volt- 
age >. to base current i while collector 
voltage is zero (Yce=0) is expressed as 
follows: 


Voe 


Ve / oe 


Once this ratio is obtained, the effect of 


a given value of base current on base 
voltage can be expressed as the product 


lector voltage vce while base current is 
zero (t=0) is expressed as follows: 


Yee] ty=0 


Once this ratio is obtained, the effect of 
a given value of collector voltage on base 
voltage can be expressed as the product 
of this ratio and the given value of col- 
lector voltage: 


Ure 
a) Vee 
Vee} tym? 


This quantity forms the second term of 
the expanded equation (c below), of the 
general equation (a above). The nu- 
merical values of the ratio of base volt- 
age to collector voltage while base cur- 
rent is zero (#=0) are obtained from 
characteristic curves (par. 51). 


of this ratio and the given value of base 


current: 
v 2 
me) is 
Vo J o¢g=0 


This quantity forms the first term of the 
expanded equation (c below), of the gen- 
eral equation (@ above). The numerical 
values of the ratio of base voltage to base 
current while collector voltage is constant 
(ce=0), are obtained from characteristic 
curves (par. 51). 


ce. Using the terms developed in 6 (4) and (5) 
above, the general equation (a above), of the in- 
put circuit can be expressed as follows: 


v . v, 
%e -(**) irt(*) Vee 
Vo / o¢¢=0 Yee] tym 


Paragraph 53 explains the use of this equation in 
determining the equivalent circuit of the tran- 
sistor. 


50. Development of Output Circuit Equation 


a. In paragraph 47e, the general equation relat- 
ing collector current 7, (dependent variable) to 
base current 7, and collector voltage vce (independ- 
ent variables) was expressed as follows: 


1=f, (ty,0ce) 


Note. This ratio and subsequent ratios of 
ae currents and voltages used in this chapter 
are valid for small signals only. This limita- 
tion is required because of the nonlinear cur- 
rent and voltage characteristics of the tran- 
sistor. That is, the ratio is valid only over a 
linear portion of the characteristic curve under 
consideration. The greater the nonlinearity the 
smaller the signal required. 


(5) The effect of collector voltage (vc) on 
base voltage (v.) while base ‘current 
(i) is kept at zero (¢=0) can be deter- 
mined by use of the circuit shown in B, 
figure 51. To keep the ac base current 
at zero, the input circuit is ac open-cir- 
cuited. A voltage generator varies col- 
lector voltage vce (measured by volt- 
meter V2), while the variations of base 
voltage vy. are measured by voltmeter 
V1. The ratio of base voltage vte to col- 


8 
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Figure 51. Circuit (black bow) arrangements for meas- 
uring effect of base current (in) and collector voltage 
(V,,) on base voltage (¥,_)- 


Since collector current i, is the output current (fig. 
50), this equation is the output circuit equation. 
The expansion of this equation is discussed in } and 
¢ below. 

b. As in the case of expanding the input circuit 
equation (par. 49), the technique employed is to 
determine the effect of each of the independent 


variables (¢), ce) on the dependent variable (i). 
(1) The effect of base current (¢:) on collec- 


tor current (,), while collector voltage 
(Vee) is zero (%ce=0), can be determined 
by use of the circuit shown in A, figure 
52. To keep the ac collector voltage zero, 
the output circuit is ac short-circuited 
(ammeter /2 has zero resistance). A 
current generator varies base current 7, 
(measured by ammeter /1), while the 
variations of collector current 7% are 
measured by ammeter /2. The ratio of 
collector current 7 to base current % 
while collector voltage is zero (v¢=0) 
is expressed as follows: 


() 
Vp, °,,=0 


Once this ratio is obtained, the effect. of 
a given value of base current on collec- 
tor current can be expressed as the prod- 
uct of this ratio and the given value of 
base current: 


te . 
(@), i 
This quantity forms the first term of the 
expanded equation (¢ below), of the gen- 
eral equation (a@ above). ‘The numerical 
values of the ratio of collector current 
with base current while collector voltage 
is zero (%ce=0) are obtained from char- 
acteristic curves (par. 51). 

(2) The effect of collector voltage (v2) on 
collector current (7,) while base current 
(%) is zero (4,0) can be determined by 
use of the circuit shown in B, figure 52. 
To keep the base current zero (7;=0), the 
input circuit is ac open-circuited. A 
voltage generator varies collector volt- 
age ce (measured by voltmeter V) 
while variations of collector current (i.) 


B 
TM690-$3 


Figure 52. Circuit (black bow) arrangements for meas- 
uring effect of base current (in) and collector voltage 
(Vee) on Collector current (ic). 


are measured by ammeter 7. The ratio 
of collector current (i,) to collector volt- 
age Uce while base current is zero (4,=0) 
is expressed as follows: 


i) 
Vee i,=0 


Once this ratio is obtained, the effect of 
a given value of collector voltage on col- 
lector current can be expressed as the 
product of this ratio and the given value 
of collector voltage: 


4 
(Gs) Vee 
Vee i,=0 


This quantity forms the second term of 
the expanded equation (c below), of the 
general equation (aabove). Thenumeri- 
cal values of the ratio of collector current 
to collector voltage while base current is 
zero (%=0) are obtained from charac- 
teristic curves (par. 51). 


ce. Using the terms developed in 6 (1) and (2) 
above, the general equation (a above), can be ex- 
pressed as follows: 


F 4 . te 
i-($) _a4(#) a 
Ye, Ve¢=0 Vee i,=0 


Use of this equation for determining the equiva- 
lent circuit of the transistor is covered in para- 
graph 53. 
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51. Static Characteristic Curves, Input Circuit 

The coefficients of the terms in the input cir- 
cuit equation (par. 49c) are obtained from static 
characteristic curves. The static characteristic 
curves are plotted from dc values of current and 
voltage. The form of the static characteristic 
curves is determined by the particular coefficient, 
the value of which must be obtained. That is— 
the ordinate (vertical plot) is the dependent 
variable; the abscissa (horizontal plot) is the 
independent variable; and the running parame- 
ter, for a family of curves, is the independent 
variable that is kept constant. 


a. First Term af Input Circuit Equation. 

(1) The coefficient of the first term of the 
input circuit equation (par. 49c) is the 
ratio of base voltage to base current 
while collector voltage is zero 


2) 


The input (base) static characteristic 
curves of a typical transistor for this co- 
efficient are shown in figure 53. Note that 
the base voltage (dependent variable) is 
plotted vertically, the base current (in- 
dependent variable) is plotted horizon- 
tally, and the collector voltage (inde- 
pendent variable) is the running para- 
meter (the fixed de value at which each 
curve is obtained). The ratio of base 
voltage to base current at particular ac 
values of base current and collector volt- 
age is the slope of the curve at those par- 
ticular values. Since the slope varies, the 
slope (the coefficient) can be determined 
at a particular point by taking imcre- 
mental (small values) of base current and 
base voltage. Incremental values are in- 
dicated by the use of the Greek letter 
delta (A) before the current or voltage 
symbol. Expressing this concept mathe- 
matically, the following statement can 
be made: 


aes, 


The left hand side of the equation repre- 
sents small ac values, the right hand side, 


incremental de values. The ac values 
must be small to insure operation on the 
straight-line portion of the characteristic 
curve. Vos=C indicates that the dec col- 
lector voltage is kept constant. The ex- 
pression on the right hand side of the 
equation can be directly related to the 
static characteristic curves. The ex- 
pression is a ratio of voltage to current 
and represents a resistance. This re- 
sistance is called the input resistance with 
output ac short-circuited and is desig- 
nated Aie; A for hybrid, ¢ for input, and 
e for common emitter configuration; 


thus— 
=(4 eo) 
Aly Vor=C 


(2) To calculate h,. for a particular transistor, 


the input characteristics for that trans- 
istor may be used (fig. 53). Since the 
value of fh, depends on the operating 
point (de bias), it is necessary to first 
establish the dc bias point. The de bias 
conditions are established by specifying 
the de values of the independent varia- 
bles (base current and collector voltage). 
Assume in this case that it is desired to 
operate with a base current of 150 micro- 
amperes (ua) and a collector voltage of 
7.5 volts. This point is located and 
marked X on the 7.5-volt input character- 
istic curve. Aright-angle triangle (ABC) 
is drawn so that point X is approximately 
at the center of the hypotenuse of the 
triangle. The slope of the curve at 


point X is equal to ae Line BC, how- 


ever, equals AVzz and line AC equals 
Als; so that: 


_BC 
«AO 
_(4V on 
Als Vogne 


h 


To determine AVzz, the value of base 
voltage at point C (0.23 volt) must be 
subtracted from the value of base voltage 
at point B (0.3 volt); thus— 


AV,2=0.3—0.23=0.07 volt. 


To determine AJZs, the value of base 
current at point A (95ya) must be sub- 
tracted from the value of base current 
at point C (210ua); thus— 
AIp=210—95 
=115ya 
=115X 107~* amp 


Placing these values in the formula for 


tes 
no(*) 
: Als Vog=C 


_ 0.07 
{15X10 


=608 ohms 


This is a typical value for h,,. Depending 
on the transistor, h;, may vary from 300 
to 800 ohms. 


b. Second Term of Input Circuit Equation. 
(1) The coefficient of the second term of the 


input circuit equation (par. 49c) is the 
ratio of base voltage to collector voltage 


while ac base current is zero (2 
Dee. tymar 


BASE VOLTAGE Vpe (VOLTS) 


The static characteristic curves of a 
typical transistor for this coefficient are 
shown in figure 54. Note that base 
voltage (dependent variable) is plotted 
vertically, collector voltage (independent 
variable) horizontally, and base current 
(constant independent variable) is the 
running parameter. The value of the 
coefficient is the slope of the curve at a 
given point. Since the slope is not con- 
stant, incremental values of current and 
voltage must be obtained. Equating 
the coefficient (2 st) to the incre- 
typo 
mental values, the following is obtained: 


(= AVaz 
Ur) =O AVer. Ip=C 


Note that IJz,=C indicates that the de 
base current is kept constant. The 
expression on the right hand side can be 
directly related to the static characteris- 
tic curves. The expression is the ratio 
of two voltages, and is therefore a pure 
number. Since the expression indicates 
the effect of the output voltage on the 
input voltage, it is referred to as the 


COLLECTOR VOLTAGE Voge (VOLTS) 
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Figure 58. Typical input (base) static characteristic curves for common-emttter configuration of hybrid 
equivalent circuit. 
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reverse (feedback) open circuited voltage 
amplification factor, and is designated 
Hrs for voltage amplification (as in 
the case of electron tubes), 7 for reverse, 
and e for common emitter; thus— 


2 a¥sr) 
oe AVer/ry-¢ 


(2) To calculate u,, for a particular transistor, 


the reverse-transfer characteristics for 
that transistor may be used (fig. 54). 
Assume de bias conditions of 150 pa of 
base current and 7.5 volts collector 
voltage. This point is marked X on the 
appropriate curve. A right-angle tri- 
angle is drawn so that point X is near 
the center of the hypotenuse. The slope 


of the curve at point X is equal to A 


Line BC equals AVzz and line AC equals 
AVcr, 30 that— 


—BC 
bree AC 


~(Gvit) 
AVor/ip-c 


4 


.24 


22 


BASE VOLTAGE Vge (VOLTS) 
— EXPANDED SCALE 
n 


0 2.5 5 


COLLECTOR VOLTAGE Vc¢ (VOLTS) 


ra) 


To determine AVzz, the value of base 
voltage at point C (0.22 volt) must be 
subtracted from the value of base voltage 
at point B (0.23 volt); thus— 


AVeg=0.23 —0.22=0.01 volt. 


To determine AV ox, the value of collector 
voltage at point A (3 volts) must be sub- 
tracted from the value of collector volt- 
age at point C (10 volts); thus— 


AVor=10—3 
= 7 volts. 


Placing these values in the formula for 
Mre: 


= AV) 
Bre \ AV cx /tp~0 


=0.0014 


This is s typical value for y,,.. Depend- 
ing on the transistor, u,, may vary from 
0.0010 to 0.0030. 
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Figure 54. Typical reverse transfer (feedback) static characteristic curves for common-emitter configuration 
of hybrid equivalent circuit. 
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52. Static Characteristic Curves, Output Line BC equals AI, and line AC equals 


Circuit Aln, so that— 
a. First Term of Output Circuit Equation. Ps eeBO 
(1) The coefficient of the first term of the AC 
output circuit equation (par. 50c) is the Alo 
ratio of collector current to base current oa nF), es 
CE 


while collector voltage is zero, (& *) 
x7) 


nee. 
The static characteristic curves of a 
typical transistor for this coefficient are 
shown in figure 55. Note that collector 
current is plotted vertically, base cur- 
rent horizontally, and collector voltage 
is the running parameter. The value of 
the coefficient is the slope of the curve at 
& given point. Since the slope is not 
constant, incremental values of current 
and voltage must be used. Equating 


the coefficient (=) to the incre- 
bf O6g%0 


mental values, the following is obtained: 


@)_.-G#) 
agget Als Vog=c 


Note that Vex=C indicates that the de 
collector voltage is kept constant. The 
expression on the right hand side can be 
directly related to the static charac- 
eristic curves. The expression is the 
ratio of output current to input current. 
The expression is called the forward short- 
circuit current amplification factor and is 
* designated a,.; a is arbitrarily used for 
current amplification, f for forward (effect 
of input on output), and e¢ for common 
emitter; thus— 


To determine AJo, the value of collector 
current at point C (4 ma) must be sub- 
tracted from the value of collector cur- 
rent at point B (5.5 ma); thus— 
Alp=5.5—4 
=1.5 ma 
=1.5X 10-3 amp 
To determine the value of AJs, the value 
of base current at point A (120 ya) must 
be subtracted from the value of base 
current at point C (175 ya); thus— 
Ip=175—120 
=55 pa 
=55X 107° amp 


Placing these values in the formula for 


Age: 
= a) 
Als, Vor=Cc 


_ 1.51073 
~ 55X1076 


=27 


This is a typical value for ay. Depending 
on the transistor, a;, may vary from 20 
to 80. 


a= 


Ale &, Second Term of Output Cirewit Equation. 

nN it), Lg (1) The coefficient of the second term of the 
em output circuit equation (par. 50c) is the 

ratio of collector current to collector 

voltage while ac base current is zero, 


(2: s*) - The static characteristic 
Vee tomo 


(2) To calculate a, for a particular tran- 
sistor, the forward transfer characteristics 
for that transistor may be used (fig. 55). 
Assume de bias conditions of 150 ua of 
base current and 7.5 volts of collector 
voltage. This point is marked X on the 
appropriate curve. A right-angle tri- 
angle is drawn so that point X is near 
the center of the hypotenuse. The slope 


curves of a typical transistor for this 
coefficient is shown in figure 56. Note 
that collector current is plotted vertically, 
collector voltage horizontally, and base 
current is the running parameter. Since 

BC the slope (value of coefficient) of the 
of the curve at point X is Rae Ue AC curve be constant, incremental values 
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COLLECTOR CURRENT I¢ (MA) 


° 50 100 


COLLECTOR VOLTAGE Vg (VOLTS) 


200 250 300 


BASE CURRENT Ig (MICROAMPS) 


of current and voltage must be used. 
Equating the coefficient to the incre- 
mental values, the following results: 


(),..-Gare) 
Vee] ty=o AVecr Ig=C 


The expression on the right can be 
directly related to the static charac- 
teristic curves. The expression is the 
ratio of output current to output voltage 
(a conductance). The expression is called 
the output conductance with input ac open 
circuited and is designated ho; A for 
hybrid, o for output, e for common- 
emitter configuration; thus — 


Kj Alc ) 


AVes/1y-c 


(2) To calculate h,. for a particular transistor, 


the output static characteristics can be 
used (fig. 56). Assume dc bias conditions 
of 150 ya of base current and 7.5 volts of 
collector voltage. This point is marked 
X on the appropriate curve and a right- 


TM690-56 


Figure 55. Typical forward transfer static characteristic curves for common emitter configuration of hybrid 
equivalent circuit. 


angle triangle is drawn so that point X is 
near the center of the hypotenuse. The 


slope of the curve is equal to BC Line 


BC equals Al and line AC equals AVcr 
so that— 


_BO 
«AC 


-( Alc ) 
AVer/tg-c 


To determine A/c, the value of collector 
current at point C (4.2 ma) must be sub- 
tracted from the value of collector cur- 
rent at point B (4.6 ma); thus— 


he 


Alp=4.6—4.2 
=0.4 ma 
=0.4X10 amp 


To determine AV cz, the value of collector 
voltage at point A (2.5 volts) must be 


subtracted from the value of collector 53. Construction of Hybrid Equivalent Circuit 


voltage at point C (12.5 volts) ; thus— a, General. The important factors obtained 
AVig=12.5-—9.5 from consideration of static characteristic curves 
er ‘ (pars. 51 and 52) are the following: 


=10 volts V. 
(1) h=(S3 T) ; input resistance, out- 
Placing these values in the formula for put sierra Year? 
Roe: 
h -( A Je (2) Mre= aut) (i Teverse open-circuit 
‘oe ‘B= 
AVer/1,-c voltage amplification factor. 
0.4107 2 
=o. (3) a= a ° forward short-circuit 
Cx 
=0.04X10-* mho. or current amplification factor. 
=40umho (4) he= we) ; Input resistance, out- 
ce/ Ip=c 
This is a typical value for h,.. Depending put open. 
on the transistor, h,, may vary from 10 
ymhos to 50 arahos, Note that theses Note. The factors ((1)-(4) above), consist 


of two pure numbers pr. and aj.), a resistance 
(As), and a conductance (hoe). This mivture 
of parameters is referred to as hybrid param- 
eters; hybrid meaning mixture. 


values are equivalent to an output re- 
sistance (with input ac open-circuited) 
from 100,000 to 20,000 ohms respectively. 


5.2 


é 
8 


EXPANDED SCALE 
BASE CURRENT Ig (MICROAMPS) 


+ 
eS 


COLLECTOR CURRENT [¢ (MA} 


4 
100 
2 50 
Ipr0 
ce) 
ce) 2:5 6 75 10 12.5 15 
TOR VOLTAGE vV, (VOLTS) 
Poereers ce TM690-57 
Figure 56. Output (collector) static characteristic curves for common-emitter configuration of hybrid equivalent 


circuit. 


b. Input Circuit Equation. Tf hie and pre are 
substituted in the input circuit equation (par. 49c), 
the following equation results: 


Vre=Nihot urVece 


This equation suggests a series circuit (A, fig. 57) 
consisting of a resistor (Aie) in series with a volt- 
age generator (pre Ue). 


c. Output Circuit Equation. If are and Ace are 
substituted in the output circuit equation (par. 


50c), the following equation results: 


46 = ayer + hoeVee 


This equation suggests a current generator 
(afeiy) in parallel with a conductance (Ave). 
This circuit is shown in B, figure 57. 


/ 


Brevce 


Brevce 


c 
TM690°58 


Figure 57. Hybrid parameters used for input, output, 
and single equivalent circuit of transistor. 


d. Combined Input and Output. If the input 
circuit and the output circuit are combined (C, 
fig. 57), a single equivalent circuit is obtained to 
represent the transistor. Use of this circuit to 
develop formulas for gains and input and output 
resistances is covered in paragraphs 54 through 58. 


54. Derivation of Current-Gain Formula 


a. General, Thecurrent-gain formula for a CE 
amplifier can be derived by using the circuits 
shown in figure 58. The dc biasing circuits for the 
amplifier are not shown because these circuits are 
not reflected in the equations required to determine 
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the ac current gain. To derive the formula, the 
transistor (shown in dashed lines A, fig. 58) must 
be replaced by its equivalent circuit (shown in 
dashed lines B, fig. 58). The notations used for the 
equivalent circuit are explained in paragraph 53a. 
The additional notations are as follows: 
(1) 2, voltage of source. 
(2) Rg, internal resistance of voltage source. 
(3) %, base current. 
(4) ve, base voltage. 
(5) ¢-, collector current. 
(6) ce, collector voltage. 
(7) Rr, load resistance. 
(8) Ai=current gain. 
Note. Input resistance r; is not used to de- 
rive the current-gain formula. Derivation of 
the formula for 7: is covered in paragraph 57. 
b. Derivation. To derive the formula, proceed 
as follows: 
(1) By definition, current gain is the ratio of 
collector current to base current : 


(2) Consideration of the output circuit will 
result in an expression containing both ¢, 
%. Using Kirchoff’s current law at point 
X (sum of all currents approaching or 
leaving a given point equals zero) : 


0 =ayelyt hodee+te 


Note. In establishing this equation, all cur- 
rents are assumed to flow toward point X. This 
assumption will result in a negative sign in the 
final answer ((6) below). 


(3) Note that by Ohm’s Law 
Ve Rrie 


(4) Substitute Ri, for v,. in the equation 
((2) above): 
O=ayebot+ (hoeRrte +t.) 
(5) Factor 7: 
O=aydyt (Roeltn + 1)i, 


(6) Solve for 7, (that is, A,): 


vo 
te 
Aes 
fe | 
~ hosktt +1 


Figure 58. CE amplifier and its equivalent circuit. 


The negative sign before «;. indicates that 
there is 180° phase reversal between the 
input current and the output current; 
that is, a clockwise or counterclockwise 
flow of current in the input circuit results 
in a counterclockwise or clockwise flow of 
current (respectively) in the output cir- 
cuit. Use of this formula in a numerical 
example is given in paragraph 590. 


55. Derivation of Voltage-Gain Formula 

a. General. The voltage-gain formula for a CE 
amplifier can be derived by using equivalent circuit 
(B, fig. 58). The notations used in the derivation 
(6 below), are the same as those given in para- 
graph 54a. In addition, the notation A, is used for 
voltage gain. 

b, Derivation. To derive the formula, proceed 
as follows: 

(1) By definition, voltage gain is the ratio 
of collector voltage to base voltage: 


v 
A,="* 


Dove 


(2) Repeat the equation for the output cir- 
cuit (par. 540(2)): 


O=ay, tothe Veette 
(3) Note that by Ohm’s Law: 


__ Vee 


ae 
(4) Substitute (3) above in (2) above; 


4 


Vee 
R, 
(5) To eliminate % in (4) above, write the 
equation for vz: 
Voe=hichyt Wi Vee 


(6) Solve (5) above for i: 


O=ayedythoedee + 


Vve _ MreVce 

Nie hie 

(7) Substitute this expression for ¢, in equa- 
tion (4) above, and expand: 


b= 


Are Ve Ae Bre Uce Ve 
Qa Mee Me_Me Meee s hy 4 Mee 
hie hie + oe et Pp 
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(8) Rearrange (7) above, and factor »,,: 
1 ay tet)» Taye Ube 
(hata, Nee ee a 


(9) Multiply both sides by = and 
be 


te 


(10) This equation ((9) above), is the volt- 
age gain, but it is normally rearranged 
by expanding the denominator and mul- 
tiplying the numerator and denominator 
by R Le 

ap Ry 


(hse lige Oye Hre) Ruthie 


The negative sign indicates 180° phase 
reversal between input and output volt- 
age. Use of this formula in a numerical 
example is given in paragraph 59c. 


A= 


56. Derivation of Power-Gain Formula 


a. General, The power-gain formula for a CE 
amplifier can be derived by using the equivalent 
circuit (B, fig. 58). The notations used in the 
derivation are the same as those given in para- 
graph 54a. In addition, the notation G is used 
for power gain. 

b. Derivation. To derive the power-gain for- 
mula, proceed as follows: 


(1) By definition: 


___ Power delivered to load 
Power delivered to input 
ate Vee 
wD VUde 


(2) Rearrange (1) above: 


a(x) 


(3) Note that Boye gain is the product of 


current gain 2) and voltage gain Ze 
4 Pr) 


Substitute in (2) above the formulas for 
current gain (par. 54)(6)) and voltage 
gain (par. 555(10)): 


G= -( Toe Aye R, ) 
Noe Bi+l/\hee hoc—Ge Bre Ri+h. 
(4) Expand (3) above: 


CP) 2R, 
Roki 1) [Riehoo— Ozebtrs) Ri+ hel 


Use of this formula in a numerical exam- 
ple is given in paragraph 59d. 


57. Derivation of Input-Resistance Formula 


a. General. The input resistance formula for a 
CE amplifier can be derived by using the equiva- 
lent circuit (B, fig. 58). See paragraph 54a for 
notations used. 

b. Deriwation. To derive the formula, proceed 
as follows: 

(1) By definition, input resistance is the ratio 
of base voltage to base current : 


(2) Repeat equation for - (par. 55b(5)): 


Voe= hucto + MreVee 


(3) Solve (2) above for : 
bd 

Vde__ Vee 

Fy et ire dy 


(4) To eliminate ¢ from the equation ((8) 


above), rewrite the output circuit equa- 
tion (par. 546 (2) ) as follows: 


O=arniot (hart 7 Pe 
(5) Solve the equation ( (4) above), for (32) 
> 


Pee, Ose 
vo 


1 
hoot R. 


(6) Substitute the expression ((5) above), 


for (22) in (38) above: 
'b 


(7) This expression ((6) above), is the 


formula for 7, but by performing sev- 
eral algebraic operations, it is normally 
rearranged, as follows: 


1" _hiet (Rochie— apeptre) —-R, 
= 1+ hoektr 


Use of this formula in a numerical 
example is given in paragraph 59e. 


58. Derivation of Output-Resistance Formula 


a. General. 
(1) The output resistance formula for the CE’ 


(2) 


amplifier can be derived by using the cir- 
cuits shown in figure 59. For notations 
used, refer to paragraph 54a. The only 
additional notation used is 7, for output 
resistance. 

The technique used to determine the out- 
put resistance formula is to remove the 
signal source from the input circuit (B, 
fig. 58) and place it in the output circuit 
(A, fig. 59). The equivalent of the signal 
source resistance (#,) remains in the in- 
put circuit. In the output circuit, the 
signal source is considered to have zero 
resistance. 


b. Conversion of Current Generator. 


(1) 


To analyze the output circuit with volt- 
age generators alone, the current gener- 
ator (in dashed lines) in the output cir- 
cuit must be replaced by a voltage 
generator. According to network theory, 
a current generator and its shunt con- 
ductance (B, fig. 59) can be replaced by 
a voltage generator and a series conduc- 
tance (C, fig. 59). It is required, however, 
that the voltage of the voltage generator 
be made equal to the current (c/c#,) of the 
current generator divided by its shunt 
conductance (Ao-). The voltage output of 


Bred, 


the generator then is Furthermore 


oe 


a conductance equal to that of the shunt 
conductance must be placed in series with 
the voltage generator as indicated. 


(2) A numerical example of the conver- 


sion ((1) above), is given by the num- 
bers shown in parentheses (B and C, fig. 
59). Assume a current generator with 5 
ma of output (arefo=5 ma), shunted by 
a conductance of 5 mhos (Aoe=5 mhos). 
The generator voltage output would then 
be: 

Ayebn__ 5 a 

hoe 5 mbhos 


=1 mv 


The conductance in series with the volt- 
age generator would have to be 5 mhos 
(Ace=5 mhos). If the two circuits are 
equivalent, then the short circuit and 
open circuit results obtained from each 
must be the same. A short circuit of 
the current generator results in a cur- 
rent flow of 5 ma (all the current genera- 
tor output). A short circuit of the 
voltage generator output results also in 
5 ma output as follows: 

Voltage (mv) X conductance (mhos) 

=current (ma). 

1mvX5mhos=5 ma. 
An open circuit of the current generator 
(all current through shunt) results in a 
terminal voltage of 1 mv obtained as 
follows: 


current (mv) 
conductance (mhos) 


=voltage (mv). 


An open circuit of the voltage generator 
results in all the generator voltage (1 mv) 
being available at the terminals. It may 
be stated then that the current generator 
and the voltage generator as indicated 
are equivalent. With the current genera- 
tor and the shunt conductance of the 
equivalent circuit (A, fig. 59) replaced by 
a voltage generator and a series con- 
ductance, the equivalent circuit of the 
transistor appears as shown in D of figure 
59. 
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c. Derivation. To derive the output-resistance 
formula, proceed as follows: 
(1) The current and voltage relationship in 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 
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the input circuit (D, fig. 59) is expressed 
as follows: 

Brdee=hidot Reto 
The current and voltage relationship in 
the output circuit is eeu as follows: 


aper 


v= Rriet 7 Tet We Toe 


The output resistance - is the resist- 
ance looking into the output of the tran- 
sistor (D, fig. 59). The signal source 
(vj) sees a series circuit consisting of 
Rzand 1, (E, fig. 59). The equation for 
this series circuit is as follows: 


Vg=Ritet+ Pole 


Substitute equation (3) above, for v, in 
(2) above. 


Aye 


Ryictrote= Rrict ft Sas a, tp 


Subtract R,i. from both sides and divide 
both sides by 7,: 


Solve equation (1) above, for 2: 


MreVee 


as a 78 


Note that— 


Substitute the expressions for 7% ((6) 
above), and i, ((7) above), in (5) above: 


+(§2) (ce |) 


Simplify the complex fraction in (8) 


above: 
i +(%2) (ee UreTo 
ag hue + Ry 


=),+ 


(10) By performing several algebraic opera- 


tions on the equtation ((9) above), 7 can 
be isolated to the left hand side to give: 


het Be 
: Nochie—MreCtre t+ hoelt 


Use of this formula in a numerical ex- 
ample is covered in paragraph 597. 


59. Numerical Example Using Hybrid Param- 
eters 
a. General. 


(1) 


(2) 


A, figure 60 shows an amplifier driven by 
a signal source (v,) which has an internal 
resistance R, Capacitor C1 blocks the 
dc bias voltage from the signal source 
and couples the signal to the base of the 
transistor. Resistors 21 and #2 form a 
voltage divider to establish the base- 
emitter forward bias. Resistor 73 is the 
emitter-swamping resistor, used to tem- 
perature-stabilize the emitter current 
(par. 740(2)). Capacitor C2 bypasses 
the signal around resistor #3. Resistor 
R, is the collector load resistor. Capaci- 
tor C3 blocks de voltage from and couples 
the signal to the following stage. 

Assume it is desired to calculate the input 
resistance (71), output resistance (7), 
current gain (A:), voltage gain (4), and 
power gain (@) of the amplifier ((1) 
above). The first step is to eliminate the 
parts from the circuit that do not directly 
affect the computations. These parts are 
the low-impedance coupling capacitors 
(C1 and 02), the high-resistance voltage 
divider (R1 and #2), the swamping re- 
sistor (#3) with its bypass capacitor 
(C2) ,and the battery. The resultant cir- 
cuit is shown in B, figure 60. The second 


step is to replace the transistor (in dashed 
lines) with its equivalent circuit (C, fig. 
60). At the operating point (emitter 
current of 1 ma, and collector-emitter 
voltage of 8 volts), /ie=1,500 ohms, 
pre=DX10, a7e=50, and hoe= 20X10 
mhos. 


Zeqip (Sma) Fteip (5 mhos) 
Noe (Smhos) hoe 
(mv) 
B Cc 


© 
E 


TM690-60 


Figure 59. Equivalent circuits and conversions used to determine the output resistance formula. 


b. Current Gain. To determine the current 
gain, proceed as follows: 

(1) Express the formula for current gain 
(par. 540 (6)) : 


(2) Substitute known values (a above), in this 
formula. 


—50 
(20107 (15 X 10%) +1 


_ —50 
—~T3 


=—38.4 


A= 


The answer indicates that the input cur- 

rent is amplified 38.4 times and is reversed 

180° in phase when going through the 

transistor. 

e. Voltage Gain. To determine the voltage 
gain, proceed as follows: 

(1) Express the formula for voltage gain 
(par. 556 (10) ): 


— Oy, 


“th ih oe Fe) R, + he 


(2) Substitute known values (a above), in 
this formula. 


—50X 15,000 
(1,500 X20 X 10-*—50 X5 X10-)15,000 + 1,500 
_—75X104 
1,575 
=—476 


The answer indicates that the input volt- 

age is amplified 476 times and is reversed 

180° in phase when going through the 
transistor. 

d. Power Gain. To determine the power gain, 
proceed as follows: 

(1) Express the formula for power gain 

gain (par. 560(4)): 


(as.)* Ra 
~ Cooks + 1) [Ateoe— Cyebbre) R, + hie] 


(2) By substituting the known values in this 
formula, the power gain can be obtained. 
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However, the power gain is the product 
of voltage gain and current gain (6 and ¢ 
above) ; thus— 


G=AA 
(3) Substitute the known values for A, 
and A,: 
G= (88.4) (476) 
= 18,278 
The power input is increased 18,278 times 
when going through the transistor. 
(4) The power gain in db is: 
G=10 log 18,278 
== 104.26 
=42.6 db 
e. Input Resistance. To determine the input 
resistance, proceed as follows: 


(1) Express the formula for input resistance 
(par. 576(7)): 


= het och te— Myebtre) Rt 


a 1 a 
(2) Substitute the known values in the 
formula: 


_1,500-+ (20X 10-*X 1,500—50X 5X 107*)15,000 
1+20X 107®X 15,000 


1,575 
Ts 
7,=1,212 ohms 


f. Output Resistance. To determine the output 
resistance, proceed as follows: 
(1) Write the formula for output resistance 
(par. 58¢(10)) : 


het, 
~ Roddie reeset hock 


(2) Substitute known values in the formula. 


1,500+ 1,500 
=30X10-°X1,500—5X10-*X50-+20X10-*X 1,500 
131000 
"035 


?7= 85,714 ohms 


G3 
1OUF 


Cl 
SOUF 


OUTPUT 


RL 
15K 


OUTPUT 


L..—— — — — — — —J 


ee ee ee eee 


’ re Yee Zfe 'b t 


OUTPUT 


bw ew 


C 
TM690-72 


Figure 60. Common emitter ampliyier and its preparation for analysis. 
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60. Transducer Gain and Matched Amplifier 
Formulas 

The following formulas are useful in many ap- 
plications. The formulas are written for the CE’ 
configuration; they can be made to apply to the 
CB and the CC configuration by changing sub- 
script e to 6 orc respectively. 

a. Transducer Gain. The formula for power 
gain (par. 56) compares the power delivered to 
the output of the transistor to that delivered to 
the input of the transistor. The formula for 
comparison of the power delivered to the load 
to that generated at the transducer (signal volt- 
age source) is as follows: 


g _4Rk, Ore 2 
Ry 1 
Qheet+ R,) het PB \arate 
‘B. 


b. Matched Power Gain. If the load resist- 
ance (#,) equals (matches) the amplifier output 


resistance (7), maximum power output from the 
amplifier is realized. The formula for maximum 
power gain (Gn) is as follows: 


a yet 


ate ( + y! —dniee) 
Aigeh 06, 


ec. Signal Source Resistance (R,) for Matched 
Condition. The formula for calculation of the 
signal source resistance under matched conditions 
(R,=ri, and RL=7,) is as follows: 


R= hier jl =a 


d. Load Resistance for Matched Condition. 
The formula for calculation of the load resistance 
under matched conditions (2y=7, and Ry=7) is 
as follows: 


1 Ozebr 
==h,.4/1—-* 
Ri, hichoe 


Section Il. HYBRID PARAMETERS, CB AND CC AMPLIFIERS 


61. General 


a. The detailed procedures for the development 
of the hybrid parameters static characteristic 
curves, equivalent circuits, and the derivation of 
circuit formulas for the CB and the CC ampli- 
fiers are similar to those for the CE amplifiers 
(pars. 47-58). Because of the similarity, only 
a brief discussion of the developments and the 
derivations with the complete final results is 
presented for the CB amplifier (par. 62) and the 
CC amplifier (par. 63). 

6. In addition, a table (par. 65) is provided 
for the conversion of one set of hybrid parame- 
ters of one configuration to the hybrid parame- 
ters of the other configurations. 


62. Hybrid Parameters, Static Characteristic 
Curves, and Equivalent Circuit for CB 
Configuration 


a. General. Figure 61 shows the transistor con- 
sidered as a black box and so connected that the 
CB configuration results. The directions of cur- 
rent flow are arbitrarily assumed as shown. Con- 
sideration of the input current (emitter current 
ze) and the output voltage (collector-base voltage 
Yep) as the independent variables results in hybrid 
parameters. The remaining quantities (emitter- 
base voltage v-, and collector current i.) are the 
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dependent variables. The general equations re- 
lating the independent and the dependent vari- 
ables may be written as follows: 

(1) Input Circuit: 


Vee=Si(te, Ver) 


(2) Output Circuit: 


te =hr (te, Veo) 


b. Expansion of General Equations. Expan- 
sion of the general equations (a above), results in 
the following: 

(1) Input Cireuit : 


bs -(# s)" +(32)" 
= 
: aep20  \Ued/ i,=0 


(2) Output Circuit: 


acd Neues 


ec. Static Characteristic Curves. The values for 
the coefficients of the currents and voltages of the 
input and output circuit equations (6 (1) and (2) 
above), can be obtained from static characteristic 
curves. The numerator of the coefficient indi- 
cates the corresponding dc quantity to be plotted 


vertically (dependent variable). The denomi- 
nator indicates the corresponding de quantity to 
be plotted horizontally (independent variable). 
The second independent variable, which is not 
permitted to vary, indicates the corresponding dc 
quantity to be used ss the running parameter. 
The resultant characteristic curves for the four 
coefficients are shown in figure 62. As in the case 
of the common emitter configuration (pars. 51 and 
52), the coefficients are given specific designations 
and are equated to the corresponding incremental 
de values. 

(1) The first coeflicient of the equation (6(1) 
above), is the input resistance with out- 
put short-circuited and is designated hip; 
subscript b indicates common base. Re- 
lating this factor to the slope of the input 
characteristic curves (A, fig. 62): 


v 
hi= oad ) 
Ve eg=O 


3 ar) 
Alz /vog-¢ 


This value is in ohms. 


(2) The second coefficient of the equation 
(b(1) above), is the reverse (feedback) 
open circuit voltage amplification factor 
and is designated pr. Relating this 
factor to the slope of the reverse transfer 
characteristic curves (B, fig. 62) : 


mn =(2 
a rr 
Ver t,=0 


= ay) 
AVea/igec 


This is a pure number. 


(3) The first coefficient of the equation (6 (2) 
above), is the forward short circwit cur- 
rent amplification factor and is desig- 
nated a,» Relating this factor to the 
slope of the forward transfer character- 
istic curves (C, fig. 62) : 


a) 
ap=\ 
Ve eyed 


_ (Sle 


~ \Ara/vop~e 


This value is a pure number and is nega- 
tive. The number is negative because 
the direction of current flow (arbitrarily 
assumed (fig. 61)) in the output circuit 
is opposite to that shown. 


BLACK BOX 


INPUT Yeb 


TM690-6! 


Figure 61. Black bow representation of transistor con- 
nected so that base is common to input and output 
circuits. 


(4) The second coefficient of the equation 
(b(2) above), is the output conductance 
with input open and is designated hop. 
Relating this factor to the slope of the 
output static characteristics (D, fig. 62) : 


te 
ho=(# 
Deo t,=0 


=( Ale 
ee AVia ape 
This value is in ohms. 

d. Input and Output Equivatent Circuits. If 
the factors derived in ¢ above, are substituted in 
the equations (b above), the following equations 
result : 

(1) Input Circuit: 


Veo hivtet Mroer 


This equation represents the circuit 
shown in A, figure 63. 
(2) Output Circuit: 


i= ape + Rowen 


This equation represents the circuit 
shown in B, figure 63. 

e. Complete Equivalent Circuit. The input 
circuit and the output circuit can be combined as 
shown in C, figure 63. This circuit can be used 
to represent the behavior of the CB amplifier. 
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Figure 62. 


Static characteristic curves of CB configuration for determination of hybrid parameters. 
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Figure 63. Input, output, and complete equivalent 
circuit for CB configuration using hybrid parameters. 


63. Hybrid Parameters, Static Characteristic 
Curves, and Equivalent Circuits for CC 
Configuration 

a. General. Figure 64 shows the transistor 
connected as a black box and so connected that the 

CC configuration results. The directions of cur- 

rent flow are arbitrarily assumed as shown. 

Considering the input current (2) and output volt- 

age (ec) as independent variables, and input volt- 

age (Use) and output current (7,) as dependent 
variables, the following general equations may be 
written : 

(1) Input Circuit: 


Voe= (ts, Vee) 


(2) Output Circuit: 


te=fo(t, Pec) 


b. Expansion of General Equations. 
sion of the general equations give: 
(1) Input Circuit: 


v . »v 
tne i+(S) Ye 
WS o_=0 Vec/i,=0 


(2) Output Circuit: 


. 4, 
int (**) Vee 
=0 Yec/i,=0 


Expan- 


Pec 


c. Static Characteristic Curves. The static 
characteristic curves required for the coefficients 
(6) above, are shown in figure 65. 

(1) From the input characteristic curves (A, 
fig. 65), the input resistance with output 
shorted (hic) can be determined : 


Als vate 


This value is in ohms. 

(2) From the reverse transfer characteristic 
curves (B, fig. 65) the reverse (feedback) 
open circuit voltage amplification factor 
(#re) can be determined : 


Bre —_ 
Vee/i,=0 


— (20m 
AV2c/1,=0 


This value is a pure number. 

(3) From the forward transfer characteristic 
curves (C, fig. 65), the forward short cir- 
cuit current amplification factor (a;-) can 
be determined : 


ana(# 
eh 
wy 0,,=0 


~(41) 
~ \ALa/y pe=0 

This value is a pure number and is nega- 
tive. The number is negative because the 
direction of current flow (arbitrarily as- 
sumed (fig. 64)) in the output circuit is 
opposite to that shown. 

(4) From the output static characteristic 
curves (D, fig. 65) the output conductance 


BLACK BOX 
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Figure 64. Black bow representation of transistor con- 
nected so that collector is common to input and output 
circuits, 
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Figure 65. Static characteristic 
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curves of CC configuration for determination of hybrid parameters. 


with input open (hoc) can be deter- 
mined : 


4 
) 
oe Dee) tye 0 


=( Alz 
AV ac) J ~C€ 

d. Input and Output Equivalent Circuits. Tt 
the factors derived in ¢ above, are substituted in 
the equations (b above), the following equations 
result: 


(1) Input Circuit: 


Voe=hiclot MreVec 
This equation represents the series com- 
bination of resistor hi, and voltage gene- 
rator preVec (B, fig. 67). 


(2) Output Circuit: 
= rely +hoee 


This equation represents the parallel com- 
bination of conductance ho. and current 
generator act) (B, fig. 67). 

e. Complete Equivalent Circuit. Combination 
of the input and output equivalent circuits (d 
above), results in the complete equivalent circuit 
for the CC configuration. The equivalent circuit 
is shown within the dashed lines (B, fig. 67). 


64. Input Resistance, Output Resistance, and 
Gains 
a. CE Amplifier. The formulas for input re- 
sistance, output resistance, and gains for the CE 
amplifier are as follows: 


(1) Current gain (par. 54) : 


its 
A=TR +i 


(2) Voltage gain (par. 55): 


A,= Oye Rr 
(hich, toe Qyelbre) R, the 


(3) Power gain (par. 56): 


(ay.)?R 
(halt + 1) [ (h teioe a= Oselbre) Ry, +h A 


(4) Input resistance (par.-57): 
het adhe tithe Be 


ee: i+h oe- Ry, 
(5) Output resistance (par. 58): 
r= hetR, 


hod te Breeze T hock, 


b. CB. and CC Amplifier. 

(1) A, figure 66 shows a transistor connected 
in a common base configuration. In B, 
figure 66, the transistor is replaced by its 
equivalent circuit (in dashed lines). 
This circuit is similar to that of the CZ 
amplifier (B, fig. 58). The equations for 
the derivation of the desired formulas 
(a (1) through (5) above), for the OB 
amplifier are the same as those for the 
CE amplifier; only the subscript letters 
change. The formulas in a (1) through 
(5) above, apply equally to the CB am- 
plifier provided the subscript letter e is 
changed to 6 wherever ¢ appears. 

(2) A, figure 67 shows a transistor connected 
in a common collector configuration. In 
B, figure 67, the transistor is replaced 
by its equivalent circuit (in dashed 
lines). The circuit is similar to that 
of the CE amplifier (B, fig. 58). The 
relationships between the CE and the 
CB amplifier stated in (1) above, also 
exist between the CE and the CC ampli- 
fiers. The formulas in a(1) through 
(5) above, also apply to the CC ampli- 
fier provided the subscript letter ¢ is 
changed to c wherever e appears. 


65. Hybrid Parameters, Typical Values 


Paragraph 64 states that the formulas for 
input and output resistances and for gains are 
the same for the three basic configurations ex- 
cept that the subscript letter (e, b, or c) desig- 
nating the configurations must be changed. It 
must not be assumed that the values for a given 
quantity (such as input resistance) is the same 
for each configuration. The parameter values 
vary for each configuration. The following 
chart presents a set of values for the hybrid 
parameters of a typical transistor. Actually the 
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Figure 67. CC amplifier and its equivalent circutt. TM690- 67 


78 


parameter values for a given configuration vary 
over a very wide range, depending on the tran- 
sistor types. The value of the following table, 


therefore, is in showing the relative magnitudes 
in parameter values among the three configu- 
rations. 


Common emitter Common base Common collector 
Iie =1,950 ohms_____.______------------ =. Aiy=39 ohms__.______---_---_----. hic=1,950 ohms. 
Mre= 570) X 10782. - oe eo ee Mrp=380 X 10-*__-. ee Bre= 
3 ak 5 Sa ee Opp 0.9082. o.oo teens te ecco tes Ay — 50. 
Nog = 24.5 w mhos_.-_-._------ 2. hoy=0.49 w mhos______._-_____.-.._______. hioc= 24.5 # mhos. 


66. Hybrid Parameters, Conversion Formulas 


a. Conversion Formulas. Manufacturer’s data 
sheets on particular transistors usually present 
hybrid parameter values for the CE configura- 
tion, the CB configuration, or a portion of each. 
The first two columns of the following table list 
formulas for converting hybrid parameters of 
the CE configuration to those of the CB and the 


CC configurations. The last two columns list 
formulas for converting hybrid parameters of 
the CB configuration to those of the CE and the 
CC configurations. Conversion formulas from 
the CC configurations to the CE and the CB con- 
figurations are not given because the CC con- 
figuration parameters are not usually given by 
the manufacturer. 


From CE to CB From CE to CC From CB to CE From CB to CC 
hie he h 
Og oe el ait ee Bhy aset ee ee er a een ee hic=— 
tv 1+ Gye he hue hue 1+, 40 it+anp 
heh halos 1—hph 
be Te ie weer enone Mre=1—p,-1 ~~ ---------- Mre=F rem — Ury----------- Ure tage Mry 
= ~ Ose — = =p Soe. 
Lass PON areata Ape= — (tay) ----------- aa or Bae ary 
h h, h 
| Se enc ty CEE eared aad. SO ae Sea UE peak 
100 I Fay, hoe hoe ww ee wee ten ee ene 0e 1 +z, weer cen e eee oC 1 Hayy 


b. Hwamples. Assume that the hybrid param- 
eters of the CB configuration are given (second 
column of table in par. 65), and it is desired 
to find the hybrid parameters of the CE config- 
uration. These can be found by using the formu- 
las in the third column of the table (a above), and 
substituting the known values. 


(1) Example 1: 


____39 
“T+ (—0.98) 


_ 39 
0.02 


=1,950 ohms (See first col. of table, par. 65) 


(2) Example 2: 
— hihor = 
Mre= I+ap Urp 
= (39) (0.49 < 10°) 


= 6 
1+ (—0.08) 38010 
_ 19.11 10~° 3g 
Tage ee 


=955X 107°— 380 10-8 
=575X10-* (See par. 65) 
(3) Example 3: 


—_—___ 
i 1+ay 

____—_— 0.98 
~~ 1+ (=0.98) 


_ 0.98 
~0.02 


=49 (See par. 65) 
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(4) Example 4: 
hoo 

he Tan 
_ 0.49X107* 
~ 1+(—0.98) 
—049X 10-6 

0.02 
=24.5 107° mhos 
=24.5 wmhos (par. 65) 


67. Additional Notations, Hybrid Parameters 


Hybrid-parameter notations other than those 
used in this manual may be used in transistor 
data sheets prepared by manufacturers. The 
following table lists. the hybrid parameter nota- 
tions used by manufacturers and those used in 
this manual (col. No. 1 under the particular 
configuration) : 


oe 


Configuration 
Parameter Common emitter Common base Common collector 
1 2 3 4 5 1 2 3 4 § 1 2 3 4 5 
1. Input resistance with 1 1 
output shorted. .......- hie |ine |— |hoo | hie |hao haw ~ hee |hev | hie | hare how hie 
Bot 


2. Reverse open-circuit volt- 
age amplification factor.| Hre 
3. Forward short-circuit 
amplification factor..... Ase 
4. Output conductance with 1 


Toa, 


Section IV. 


68. Open-Circuit Parameters 

a. If the input and the output currents (fig. 50) 
were chosen as the independent variables, the gen- 
eral equations relating the dependent variables 
and the independent variables would be those 
given in paragraph 47a. If these equations are 
expanded, the following will result: 

(1) Input circuit 


Ye Tidy + Trede 


(2) Output circuit 


Voe=P sey + Tosbe 


b. The equivalent circuit (input and output cir- 
cuits combined) represented by these equations is 
shown in A, figure 68. The definitions for the 
coefficient of the equations are as follows: 

(1) re=input resistance with output open. 

(2) r,,=reverse transfer resistance with input 
open. 

(3) 7re= forward transfer resistance with out- 


put open. 
(4) roe==output resistance with input open. 


OPEN-CIRCUIT AND SHORT-CIRCUIT PARAMETERS 


c. The circuit setups required for measuring the 
coefficients (7c, rey Trey AN Foe) are Shown in A, 
B, C, and D respectively of figure 69. Note that 
each measurement requires either the input or the 
output circuit to be open for ac; thus the term 
open circuit parameters. This condition might 
have been expected with two currents as the 
independent variables; to keep one constant while 
measuring the effect of the other, the circuit of 
the one to be kept constant must be ac open- 
circuited. Note that the coefficients are all resist- 
ance values; these parameters are also referred to 
as resistance (R) parameters. At high frequen- 
cies, reactive components change the resistance 
values to resistance and reactance, or impedance 
(4); the parameters may also be referred to as 
impedance (2) parameters. 

d. For a better correlation of the physical struc- 
ture of the transistor with its equivalent circuit, 
the equivalent circuit (A, fig. 68) can be trans- 
formed to that shown in B, figure 68. In this 
circuit 7 is the base resistance, re the emitter 
resistance, 7s the collector resistance, and 7 is 
called the mutual resistance (effect of base current 
on output voltage). The relationships between 
the parameters of the first equivalent circuit (A, 


fig. 68) and those of the second equivalent circuit 
(B, fig. 68) are as follows: 
(1) To=T te—T re. 
(2) Tel re. 
(3) Ta=Toe—lre. 
(4) Tm=Tre—T fe 
Note. Equations relating the open-circuit 
parameters to the hybrid parameters are given 
in paragraph 72. 
e. Typical values for the open-circuit param- 
eters are as follows: 


(1) 7,=370 ohms, 
(2) r.=23 ohms. 
(3) ra=58 kilohms. 
(4) rm=3 megohms. 


relic "teip 
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Figure 68. Equivalent circuits (common emitter con- 
figuration) using open-circuit parameters. 
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69. Disadvantages of Open-Circuit 
Parameters 


a. Measurement. To measure the input resist- 
ance with output open (A, fig. 69) and the for- 
ward transfer resistance with output open (C, 
fig. 69), the output circuit must be ac open-cir- 
cuited. A de path in the output circuit must be 
maintained to supply dc bias current and voltage. 
In practice, this can be achieved by placing a 
high-inductance coil in series with the output 
lead. However, at the frequency (270 cps) nor- 
mally used to make the measurements, the re- 
quired coil is large and cumbersome because its 
reactance must be much higher than the resistance 
of output circuit. The output circuit resistance 
varies from 30 kilohms to 4 megohms depending 
on the configuration. Accuracy under these con- 
ditions is very difficult to achieve. Measurement 
of the hybrid parameters (figs. 51 and 52) does 
not require open-circuiting the high-resistance 
output circuit. It requires ac short-circuiting the 
high-resistance output, which is easily achieved 
by a small capacitor. However, open-circuit 
parameters are easily measured at 2 high fre- 
quency because the capacitance (neglected at low 
frequencies) between the collector and the other 
elements substantially reduces the output imped- 
ance. For this reason, the equivalent circuit 
employing open-circuit parameters is sometimes 
used for analysis of high-frequency circuits. 


Figure 69. 


TM690-69 
Test setups employing black box for measurement of open-circuit parameters. 
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b. Current Amplification Factor, The open- 
circuit parameters do not produce the current am- 
plification factor directly. The hybrid parameters 
produce this factor (aye, afr, and a) directly. 


70. Short-Circuit Parameters 


a. If the input and the output voltages (fig. 50) 
were chosen as the independent variables, the gen- 
eral equations relating the dependent variables 
and the independent variables would be those given 
in paragraph 476. If these equations are ex- 
panded, the following equations result: 

(1) Input circuit: 


ty = GJieVoe + GreVee 
(2) Output circuit: 
= Greve Goce 


db. The equivalent circuit (input and output cir- 
cuits combined) represented by these equations is 
shown in A, figure 70. The definitions for the co- 
efficients of the equations are as follows: 


(1) ge=input conductance with output 
shorted. 

(2) gre== Teverse transfer conductance with 
input shorted. 

(3) gr=forward transfer conductance with 
output shorted. 

(4) goe==output conductance 


shorted. 


with input 


c. The circuit setups required for measuring 
the coefficients (Gie, Grey Pre ANd Joe) are shown in 
A, B, C, and D respectively of figure 71. Note 
that each measurement requires that either the 
input or the output circuit be ac shorted ; thus the 
term short-circuit parameters. This condition 
might have been expected with two voltages as 
the independent variables; to keep one constant 
while measuring the effect of the other, the circuit 
of the one to be kept constant must be ac short- 
circuited. Note that the coefficients are all con- 
ductance (reciprocal of resistance) values. These 
parameters are also referred to as conductance 
(G) parameters. At high frequencies, reactive 
components change the conductance values to con- 
ductance and susceptance (reciprocal of react- 
ance), or to admittance (reciprocal of imped- 
ance); the parameters are also referred to as ad- 
mittance (Y) parameters. 

d. For a better correlation of the physical struc- 
ture of the transistor to its equivalent circuit, the 
equivalent circuit (A, fig. 70) can be transformed 
to that shown in B, figure 70. In this circuit, goc 
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is the base-emitter conductance, go. is the base- 
collector conductance, gce is the collector-emitter 
conductance, and gm is the mutual conductance 
(effect of base voltage on output current). The 
relationships of the parameters of the first equiv- 
alent circuit (A, fig. 70) and those of the second 
equivalent circuit (B, fig. 70) are as follows: 


(1) Gre=Gtet Gre- 
(2) Joco=—Gre- 

(3) Yce=GoetGre- 
(4) Gm=Jre+Gre- 


Equations relating the short-circwit parameters to 
the hybrid parameters are given in paragraph 72. 

e. Typical values for the short-circuit parame- 
ters are as follows: 


(1) gve=0.64 10-3 mho. 
(2) goe=0.25 X10-* mho. 
(3) Gee=0.40 X10-* mho. 
(4) gm=0.033 mho. 


71. Disadvantages of Short-Circuit Param- 
eters 


a. Measurement. To measure the reverse trans- 
fer conductance with input shorted (B, fig. 71) 
and the output conductance with input shorted 
(D, fig. 71), the input circuit must be ac short- 
circuited. Connecting the base lead to the emitter 
lead to achieve the short is not practical because 
dc bias current and voltage must be supplied to 
the input circuit. In practice, the input circuit 
can be ac short-circuited by placing a capacitor 
across the input. However, at the frequency (270 
cps) normally used to make the measurements, the 
required capacitor must be large and cumbersome 
because its reactance must be much lower than the 
resistance of the input circuit. The input circuit 
resistance is usually very low (30 ohms to 2 kil- 
ohms). Accuracy under these conditions is very 
difficult to achieve. Measurement of the hybrid 
parameters (figs. 51 and 52) does not require short- 
circuiting the low-resistance input circuit. They 
require ac open-circuiting the low-resistance in- 
put, which is easily achieved with a small induc- 
tive coil or resistor. 

b. Current Amplification Factor, The short- 
circuit parameters do not produce the current am- 
plification factor directly. The hybrid parameters 
produce this factor (aye, a7», arc) directly. 


Gre ‘ce Ste “be 
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Figure 70. Equivalent circuits (common-emitter configuration) using short-circuit parameters. 
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Figure 71. Test setup using black bow for measurement of short-circuit parameters. 
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72. Open-Circvit, Short-Circuit, and Hybrid 
Parameter Conversion Formulas 

In most instances, the values of the hybrid 

parameters will be given for a particular tran- 

sistor. To determine the open-circuit parameters 

and the short-circuit parameters from the hybrid 


parameters, use the formulas in the first and sec- 
ond columns respectively of the following chart. 
Occasionally the open-circuit parameters are 
given; to determine the hybrid parameters from 
the open-circuit parameters, use the formulas in 
the third column. 


From hybrid parameters to short-circuit parameters 


From open-circuit param- 
eters to hybrid parameters 


From hybrid parameters to open-circuit parameters 
Mrs, 1 
Ne=hie——— oe eee ene ee ee eee Jie --- 
hoe hie 
Bre Ure 
Vee wo oe en en nn ne rrr re Jre= 
oe hie 
—Ofe Afe 
Vem 8 ee ee ner Ofe=>_---- 
Roe hie 
1 
Popa a lect ae se cccenbsceceSecesees Goe=hoe— 
h oe 


Rie 


Breltfe 1 


Note. The above formulas apply directly to the CE configuration. 
each subscript letter ¢ to 6 or c respectively. 


73. Summary 


a. For purposes of mathematical analysis, de- 
vices such as crystals, electron tubes, and transis- 
tors, can be represented by equivalent circuits 
consisting of resistors, inductors, capacitors, and 
current and voltage generators. 

b. The electrical quantities used in the equiva- 
lent circuit of a device (a above), are called the 
parameters of the device. 

c. If the input current and the output voltage 
of the transistor are considered the independent 
variables when developing the transistor equiva- 
lent circuit, the resultant parameters (fig. 57) 
are a resistance (Aie), a Voltage generator (preVce)s 
a current generator (aed), and a conductance 
(Ace). Because of the miwture in types of param- 
eters, these are called hybrid parameters. 

d. The values of the parameters (c above), may 
be obtained from the related static characteristic 
curves (pars. 49-52). 

e. By substituting the equivalent circuit (fig. 
58) for the transistor, formulas for the following 
desired values may be derived: 


(3) Current gain (par. 54b(6)). 
2) Voltage gain (par. 556(10) ). 
(8) Power gain (par. 560(4)). 
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These formulas can be made to apply to the CB or the CC configuration by changing 


(4) Input resistance (par. 576(7)). 
(5) Output resistance (par. 58¢(10)). 

f. If the hybrid parameters for a given config- 
uration are known, the hybrid parameters for the 
other two configurations can be obtained (par. 66). 

g. If the input and the output current of the 
transistor are considered the independent vari- 
ables, an equivalent circuit (fig. 68) consisting of 
open-circuit (resistance or impedance) param- 
eters is derived (par. 68). 

h. The main disadvantage of the open-circuit 
parameters is that their measurement requires the 
ac open-circuiting of the high output resistance 
of the transistor (fig. 69). 

i, If the input and the output voltages of the 
transistor are considered the independent vari- 
ables, an equivalent circuit (fig. 70) consisting of 
short-circuit (conductance or admittance) param- 
eters is derived (par. 70). 

j. The main disadvantage of the short-circuit 
parameters is that their measurement requires the 
ac short-circuiting of the Zow input resistance of 
the transistor (fig. 71). 

k. If the hybrid parameters for a given tran- 
sistor are known, the open-circuit and the short- 
circuit parameters can be derived (par. 72). 


CHAPTER 5 
BIAS STABILIZATION 


LR 


Section 1. INTRODUCTION 


74. General 


Bias (operating point) is established for a tran- 
sistor by specifying the quiescent (dc, no-signal) 
values of collector voltage and emitter current. 
Reliable operation of a transistor over a wide 
range of temperatures requires that bias voltage 
and current remain stable. However, variations 
of reverse-bias collector current (a below), and 
emitter-base junction resistance (b below), with 
temperature, preclude stable bias unless external 
compensating circuits (par. 75) are employed. 

a. Reverse-Bias Collector Current (Icno). 

(1) A detailed discussion of the internal 
mechanism that produces the reverse-bias 
collector (saturation) current is given in 
paragraph 430(3). Variation of the 
saturation current with the temperature 
of the base-collector junction is shown in 
figure 72. The saturation current value 
varies from almost zero at 10° C to well 
over 1 milliampere at 125° C. Note that 
at temperatures below 10° C, the satura- 
tion current causes no problem. 

(2) In an NPN transistor (fig. 47), satura- 
tion current consists of a flow of holes 
(minority carriers) from the collector 
region toward the base region. If the 
resistivity of the base region is high, or 
if external resistors connected to the base 
are high in value, holes from the col- 
lector can accumulate in the base region. 
Such an accumulation of holes will cause 
an increase of emitter electron flow into 
and through the base, increasing the col- 
lector current. Increased collector cur- 
rent would raise the temperature of the 
collector-base junction, and increase the 
saturation current (fig. 72). The cycle 
would continue until severe distortion 


occurs, the transistor becomes inopera- 
tive, or it destroys itself. This condition 
can be minimized by avoiding the use of 
high-valued resistors in the base lead. 

(3) In a PNP transistor (fig. 48), the con- 
dition described in (2) above, is the 
same, except that the roles of holes and 
electrons are interchanged. 

b. Emitter-Base Junction Resistance. 

(1) Figure 73 indicates the variation of col- 
lector current with temperature. A fam- 
ily of curves is presented. Each curve is 
plotted with a fived collector-base volt- 
age (Vca) and a fixed emitter-base volt- 
age (Vee). If the collector current vari- 
ation with temperature were caused only 
by the saturation current (a above), then 
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Figure 72. Graph showing variation of saturation current 
with junction temperature. 
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the collector current variation at tem- 
peratures below 10° C (Vas=200 mv and 
Vus=300 mv) should not accur (a(1) 
above). However, collector current does 
vary with temperature even when the 
saturation current is near zero. This var- 
iation is caused by the decrease in emitter- 
base junction resistance when the temper- 
ature is increased. That is, the emitter- 
base junction resistance has a negative 
temperature-coefficient of resistance. 

(2) One method of reducing the effect of the 
negative temperature coefficient of re- 
sistance is to place a large valued resistor 
in the emitter lead. Essentially, this 
causes the variation of the emitter-base 
junction resistance to be a small percent- 
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Figure 78. Graph showing variation of collector current 
with transistor temperature. 


Section Il. RESISTOR 


76. General Bias Circuit 

In paragraph 38, the basic transistor configura- 
tions (common base, common collector, and com- 
mon emitter amplifiers) were discussed. These 
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age of the total resistance in the emitter 
circuit. The external resistor swamps 
(overcomes) the junction resistance; the 
resistor is referred to as a swamping re- 
sistor. 

(3) A second method of reducing the effect 
of the negative temperature coefficient of 
resistance is to reduce the emitter-base 
forward bias as the temperature increases. 
For instance, to maintain the collector 
current at 2 ma (fig. 73) while the tran- 
sistor temperature varies from 10° C (at 
X) to 30° C (at Y), the forward bias 
must be reduced from 200 mv (at A) to 
150 mv (at B). The temperature differ- 
ence (30-10) is 20° C; the voltage dif- 
ference (200 mv—150 mv) is50 mv. The 
variation in forward bias per degree cen- 
tigrade is calculated as follows: 


Difference in forward bias 50 mv 
Difference in temperature 20° C 
=2.5 mv/° C 


This calculation indicates that collector 
current will not vary with emitter-base 
junction resistance if the forward bias is 
reduced 2.5 mv/° C for increasing tem- 
perature, or increased 2.5 mv/° C for de- 
creasing temperature. 


75. Bias Stabilizing Circuit 

Bias stabilizing circuits may employ a. variety 
of circuit elements: 

a. Common resistors (pars. 76-79). The effec- 
tiveness of external resistors in bias stabilization 
of transistor amplifiers is indicated by an analysis 
of the general bias circuit (par. 76). This analysis 
results in mathematical expressions for current 
and voltage stability factors (S; and Sy respec- 
tively) for each amplifier configuration. 

b. Thermistors (pars. 81-84). 

c. Junction diodes (pars. 85 -88). 

d, Transistors (pars. 89-92). 

e. Breakdown diodes (pars. 93-96). 


STABILIZING CIRCUITS 


circuits are special cases of the general transistor 
circuit shown in A, figure 74. Depending upon 
the points of input and output of the signal into 
the general transistor circuit and the values as- 


signed to the resistors, the three basic configura- 
tions can be derived. 

Note. For a discussion of the currents shown flowing 
through the transistor leads, refer to paragraphs 40 
through 43. 

a. CB Amplifier. The CB amplifier (B, fig. 74) 
can be derived from the general transistor circuit 
by opening resistor Rr (Rr=o), and shorting 
resistor Rs (#s=0). The input signal is intro- 
duced into the emitter-base circuit and extracted 
from the collector-base circuit. 

b. CE Amplifier. The CE amplifier (C, fig. 74) 
can be derived by opening resistor 2 and shorting 
resistor 2g. In this case, the signal is introduced 
into the base-emitter circuit and extracted from 
the collector-emitter circuit. 

ce. CC Amplifier. The CC amplifier (D, fig. 74) 
can be derived by opening resistor Ry and shorting 
resistor #e. The collector is common to the input 
and output circuits. 


Note. Circuits in which Ry is not open are discussed 
in paragraph 79. 


Sy+— [87 Re+Ro(1+%4p 831] é 


77. Current Stability Factor 
&, fig. 74) 

a The ratio of a change in emitter current 
(47 z)to a change in saturation current (Alopo) is 
a measure of the bias current stability of the tran- 
sistor. This ratio indicates the effect on the emit- 
ter current of a change in saturation current and 
is called the current stability factor (S:). Mathe- 
matically, it is expressed as follows: 


_— Algz 
* Alezo 


Because the current stability factor is a ratio of 
two currents, it is expressed as a pure number. 
Under ideal conditions, the current stability factor 
would be equal to zero; in other words, the emitter 
current would not be affected by a change in the 
saturation current. 

6. By using the resistors and the indicated ex- 
pressions for current flow (A, fig. 74), current J, 
can be expressed in terms of saturation current 
Tczo, and the resistors used in the circuit. Analy- 


Re Re 
+ - 
- + 
Rr=@ | Rp20 B 
Rg Re 
+ 
Res | Re=0 c 
Rg Re 
+ 
Rreco , Rc=0 D 
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Figure 74. General transistor circuit and derived configurations including current 
and voltage stability factor formulas. 
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sis of such an expression to indicate how current 
Jp varies with saturation current /¢gzo results in the 
expression for current stability factor (S;). 


1/1, 1, 1l-ap 
s=m|(at Rt Re) 

Note that the current stability factor evaluates the 
effectiveness of the external circuit to minimize 
emitter current variations. 

c. To derive the CB amplifier (B, fig. 74), re- 
sistor Ry is opened (=) and resistor Ry, is 
shorted (=0). To obtain the stability factor (6 
above), for this CB amplifier, substitute these 


values in the equation for S; (note that + =0, and 


a 
a7 


salto 


With an infinite denominator, the expression for 
S; equals zero. As expected, this is the ideal con- 
dition since it minimizes the accumulation of mi- 
nority carriers in the base region (par. 74a(2)), 
and permits the use of an emitter swamping resis- 
tor (par. 746(2)). 

d. Directly substituting (for the CZ amplifier 
(C, fig. 74)) the values of resistor Rr (= ©) and 
resistor 2z (=0) in the equation for S; (b above), 
the ratio of infinity (o ) divided by infinity («) 
isobtained. This ratio results in an indeterminate 
value which cannot be interpreted. To avoid re- 
ducing the results to an indeterminate value, mul- 
tiply the numerator and denominator by Pz before 
substituting the values, to obtain: 


1 
Re Rey 
R,' Rr an 


Substituting the values of resistor 2g (=0) and 
resistor Ry (=o), in the equation, then: 


1 


S;= 
Stan 


and 


1 


Bt ESN 


Because ay, is close to unity, the value of S; is high, 
indicating very poor current stability. This con- 
dition might have been expected because there is 


no swamping resistor (#z=0), and resistance is 
used in the base lead (#z not zero). 

e. Substituting (for the CC amplifier (D, fig. 
74)) the values of resistor Rr (=o) into the 
equation (b above). 


a3 1 1 1—ayy 
Seas rl (at o+ e 


Since 1—a,») is approximately equal to (=) zero: 


This expression indicates that the current sta- 
bility of the CC amplifier depends upon the ratio 
of base resistance to emitter resistance. Again it 
is shown that the higher the base resistance, the 
poorer the current stability factor (par. 74a(2)), 
and the higher the emitter resistance, the better 
the current stability factor (par. 746(2)). 


78. Base Resistance and Emitter Resistance 


The effect on collector current stability of vari- 
ous combinations of base and emitter resistance 
values is shown by the graph in figure 75. The 
worst condition occurs if the emitter and the 
base resistances are both zero (curve AA). Only 
slight improvement occurs with the base resistance 
equal to 40K ohms and the emitter resistance 
equal to zero (curve BB). The best condition 
occurs, assuming linear resistors are used, if the 
emitter resistance is greater than zero (2K ohms 
in this case), and if the base resistance is zero 
(curve CC). This series of curves further sub- 
stantiates the statements derived from a purely 
physical consideration of the transistor (par. 74a 
(2) and 6(2)). 


79. Additional Bias Techniques 


a. One method of obtaining good current sta- 
bility in a CF amplifier is by using near-zero base 
resistance and an emitter swamping resistor as 
shown in A, figure 76. Resistor Rz is the swamp- 
ing resistor; the secondary of transformer T1 
offers a very low de resistance in the base circuit. 
The collector current stability curve for this am- 
plifier is similar to that of curve C0, figure 75. 
The current stability factor for this circuit is equal 
to zero (ideal) as discussed in paragraph 77c. 
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Figure 75. Graph of variation of collector current with temperature, using different 
vaiues of emitter resistance and base resistance. 


b. Use of a fixed emitter-base bias can be ob- 
tained in a single-battery CH amplifier by means 
of a voltage divider network (B, fig. 76). The 
voltage divider network consists of resistors Ry 
and &,. The voltage developed across resistor 
&s contributes part of the emitter-base voltage. 
Consider this circuit with reference to the currrent 
stability factor: 


smae/ (Ratt Ee) 


Since 1—a,y can be considered equal to zero (a= 
0.92 to 0.99), then: 


at ffiyb 
S;= zl (a+ i) and 


Rzkr 
Ret Ky, 


S,= 


Re 


This formula states that the current stability fac- 
tor in this circuit is equal to the ratio of the 
parallel resistance value of As and Ry (base 
ground-return resistance) to the emitter resist- 
ance. This formula again substantiates the state- 
ment that the lower the base ground-return re- 
sistance and the higher the emitter resistance, the 
better the current stability (par. 74). 


e. A circuit employing negative feedback volt- 
age to improve current stability is shown in C 
of figure 76. If the collector current (Je) rises, 
the collector becomes less negative because of the 
larger de drop in resistor Re. As a result, less 
forward bias (negative base to positive emitter) 
is coupled through resistor Ay to the base. Re- 
duced forward bias then reduces the collector 
current. 


80. Voltage Stability Factor 
(E, fig. 74) 

a. The ratio of an increment in collector volt- 
age (AV cz) to an increment in saturation current 
(4Zczo) is a measure of the collector voltage sta- 
bility of the transistor. This ratio indicates the 
effect on the collector voltage of a change in satura- 
tion current and is called the voltage stability fac- 
tor (Sy). Mathematically it is expressed as 
follows: 


AVen 


SY AToo 


Because the voltage stability factor is a ratio of 
a voltage and a current, the voltage stability fac- 
tor is expressed as a resistance (ohms). Under 
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TI 


ideal conditions, the voltage stability factor 
would be equal to zero; in other words, the col- 
lector voltage would not be affected by a change 
in the saturation current. 

6. By using the resistors and the indicated ex- 
pressions for current flow (A, fig. 74) : 


Sy= reg (S:Ret Ro(1 +apSr)] 


TM690-105 
Figure 76. CH amplifiers employing transformer input, fiwed base voltage, and negative feedback. 


Note that if the current stability factor (Sr) is 
zero (pars. 7%7c and 79a), the voltage stability fac- 
tor (Sy) equals the collector resistance (fo). Use 
of a transformer with a low-resistance primary in 
the collector circuit tends to reduce the voltage 
stability factor to near zero. Circuits designed to 
minimize collector voltage variations are covered 
in paragraphs 94 and 96. 


Section III. THERMISTOR STABILIZING CIRCUITS 


81. General 


It has been established that the bias current of 
the transistor is temperature-sensitive (par. 74). 
Specifically, emitter current increases with an in- 
crease in temperature. Emitter current stabiliza- 
tion can be achieved by use of external circuits 
using temperature-sensitive elements. There are 
several temperature-sensitive electrical elements. 
One such element is the thermistor (contraction 
of the words thermal and resistor). The ther- 
mistor, as used in this chapter, has a negative 
temperature coefficient of resistance; that is, its 
resistance value decreases with an increase in tem- 
perature. The use of thermistors in transistor 
temperature-stabilizing circuits is discussed in 
paragraphs 82 and 83. 


82. Emitter Voltage Control 

a. The circuit shown in figure 77 employs a 
thermistor to vary the emitter voltage with tem- 
perature to minimize temperature variations in 
emitter current. This circuit contains two volt- 
age dividers, the first consisting of resistors R4 
and Ri, and the second consisting of resistor R2 
and thermistor RT1. The first voltage divider 
permits the application of a portion of battery 
Veo voltage to the base terminal and ground (com- 


90 


mon return). The base terminal voltage is de- 
veloped across resistor R1 and is in the forward 
bias direction. The second voltage divider ap- 
plies 2 portion of battery Vc voltage to the emitter 
terminal, The emitter terminal voltage is devel- 
oped across resistor R2 and is in the reverse bias 
direction. The forward bias voltage applied to 
the base terminal] is larger than the reverse bias 
applied to the emitter terminal, so that the re- 
sultant base-emitter bias is always in the forward 
direction. 

6. With an increase in temperature, the col- 
lector current would normally increase if the 
transistor were not stabilized. The increase in 
collector current can be prevented by reducing 
the forward bias. This is accomplished by the 
voltage divider consisting of resistor R2 and 
thermistor RT1. As the temperature increases, 
the resistance of thermistor RT1 is decreased, 
causing more current to flow through the voltage 
divider. The increased current raises the negative 
potential at the emitter connection of resistor R2. 
This action increases the reverse bias applied to 
the emitter and decreases the net emitter-base 
forward bias. As a result, the collector current 
is reduced. Similarly, decreasing the tempera- 
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Figure 77. Transistor amplifier with thermistor control of emitter bias voltage. 


ture would cause the reverse actions, and prevent 
the decrease of collector current. 

ce. Capacitor C1 blocks the de voltage of the 
previous stage and couples the ac signal into the 
base-emitter circuit. Capacitor C2 bypasses the 
ac signal around resistor R2. Resistor R3 is the 
collector load resistor and develops the output 
signal. Capacitor C3 blocks the de collector volt- 
age from and couples the ac signal to the follow- 


ing stage. 


83. Base Voltage Control 


a, The circuit shown in figure 78 employs a 
thermistor to vary the base voltage with tem- 
perature to minimize temperature variations in 
emitter current. This circuit contains a voltage 
divider consisting of resistor 21 and thermistor 
&T1. The voltage divider applies a portion of 
battery Ve voltage to the base-emitter circuit. 
Electron current flow through the voltage divider 
is in the direction of the arrow. This current pro- 
duces a voltage of the polarity indicated across 
thermistor 271. This circuit produces a forward 
bias. 

b. If the temperature of the transistor rises, 
the emitter current would tend to rise. However, 
the resistance of thermistor R71 decreases with 
increase in temperature, causing more current to 
flow through the voltage divider. Increased cur- 
rent through the voltage divider causes a larger 
portion of battery Vc voltage to be dropped across 
resistor #1. The available voltage for forward 
bias, that cross thermistor #71, is reduced, there- 
by reducing the emitter current. 


c. Transformer 71 couples the ac signal into 
the base-emitter circuit. Capacitor C'1 bypasses 
the ac signal around thermistor R71. Trans- 
former 72 primary acts as the collector load and 
develops the output signal which is coupled to 
transformer 72 secondary. 


84. Thermistor Limitations 


The ability of the thermistor (figs. 77 and 78) 
to limit the variation of collector current with 
temperature is represented in figure 79. One 
curve shows the variation of collector current for 
a transistor circuit that is not stabilized. An- 
other curve shows the variation of collector 
current for a transistor circuit that is thermistor- 
stabilized. There is improvement in the stability 
of the transistor circuit employing the thermistor. 
However, thermistor stabilization achieves ideal 
current at only three points (A, B, and C, fig. 79) 
because the thermistor resistance variation is not 
equal to (does not track) the variation in emitter- 
base junction resistance (par. 745). 
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Figure 78. Transistor amplifier with thermistor control 
of base bias voltage. 
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Figure 79. Graph showing variation of collector current with temperature for 
nonstabilized and thermistor-stabilized transistor circuits. 


Section IV. DIODE STABILIZING CIRCUITS 


85. General 


a. Variation of collector current with tempera- 
ture is caused by the variation with temperature 
of the emitter-base junction resistance and the 
saturation (reverse bias) current (par. 74). Vari- 
ation with temperature of the resistance and the 
reverse bias current of a PN junction occurs 
whether the PN junction is part of a transistor or 
part of a junction diode. The junction diode, 
then like the transistor, can be used in bias stabil- 
izing circuits. The main advantage of using the 
junction diode as a temperature-sensitive element 
is that it can be made of the same material as 
that of the transistor. The temperature coefficient 
of resistance of the diode and that of the tran- 
sistor of the same material are the same. This 
condition permits a more constant collector cur- 
rent over a wide range of temperatures because 
of better tracking (par. 84). 

b. Junction diodes have a negative temperature 
coefficient of resistance whether they are forward 
or reverse biased. The use of junction diodes in 
transistor temperature-stabilizing circuits is dis- 
cussed in paragraphs 86 through 88. 
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86. Forward-Biased Single Diode 
Stabilization 

a. The circuit shown in figure 80 employs for- 
ward-biased junction diode CR1 as a temperature- 
sensitive element to compensate for variations of 
emitter-base junction resistance. Consider the 
voltage divider consisting of resistor R1 and 
junction diode CR1. The current (7) through the 
voltage divider flows in the direction shown, and 
develops a voltage across diode CR1 with polarity 
as indicated. This voltage is a forward bias. 
With increased temperature the collector current 
would tend to increase. However, increased tem- 
perature decreases the resistance of diode CR1, 
causing more current to flow through the voltage 
divider. As a result there is an increased voltage 
drop across resistor R1. The voltage drop across 
diode CR1 is correspondingly decreased, thereby 
reducing the forward bias and the collector cur- 
rent. 

b. The ac signal is coupled into the transistor 
amplifier by transformer T1. Capacitor C1 by- 
passes the ac signal around diode CR1. Collector 
load resistor R2 develops the output signal. Ca- 
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Figure 80. Transistor amplifier using single forward-biased junction atode for compensa- 
tion of temperature variations of emitter-base junction resistance. 


pacitor C2 blocks the de voltage from and couples 
the ac signal to the following stage. 

c, The effectiveness of this circuit to stabilize 
collector current with temperature is indicated by 
curve BB of figure 82. Compare this curve with 
curve AA, for which the transistor is not sta- 
bilized, and with the curve for ideal current. 
Curve BB shows that a marked improvement in 
the collector current stability occurs for tempera- 
ture below 50° C. This indicates that the varia- 
tions with temperature of the junction diode re- 
sistance tracks and compensates for the variations 
of emitter-base junction resistance (par. 745). 
The sharp increase in collector current (curve 
BB) at temperature above 50° C indicates that 
junction diode C1 does not compensate for the 
increase in saturation current (Jezo) (par. 74a). 
This condition might have been anticipated since 
the saturation current (collector-base reverse bias 
current) flows out of the base, through 71 pri- 
mary, through diode C71, battery VC, and back to 
the collector. Because the saturation current is a 
small percentage of the total current through diode 
C1 (forward biased and low in resistance) it 
causes no appreciable voltage drop across diode 
CR, A circuit using a second junction diode (re- 


Ts=Iegotti 


verse biased) is necessary to compensate for the 
saturation current and is discussed in paragraph 
87. 


87. Double Diode Stabilization 


a. The circuit shown in figure 81 employs two 
junction diodes as temperature sensitive elements. 
One junction diode compensates for the tempera- 
ture variations of emitter-base junction resistance; 
the other compensates for the temperature varia- 
tions of saturation current. The circuit is similar 
to that shown in figure 80 and discussed in para- 
graph 86. Resistor R3 and junction diode CR2 
(reverse biased) have been added (fig. 81). Re- 
sistor R1 and junction diode CR1 (forward 
biased) compensate for the change in emitter- 
base junction resistance at temperatures below 
50° C. (See curve BB, fig. 82.) 

5. Reverse-biased junction diode CR2 can be 
considered an open circuit at low temperatures. 
At room temperature, diode CR2 reverse bias cur- 
rent /, flows through junction diode CR2 in the 
direction indicated. Diode C2 is selected so that 
its reverse bias current (/,) is larger than that 
(7czo) of the transistor. Diode reverse-bias cur- 
rent /, consists of transistor reverse bias current 
Zozo and a component of current (/,) drawn from 
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Figure 81. Transistor amplifier using two junction diodes for compensation of temperature. 
variations of both emitter-base junction resistance and saturation current. 
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Figure 8%. Graph showing variation of collector current with temperature for nonstabilized 
single-diode stabilized, and double-diode stabilized transistor circuits. 


the battery. The voltage polarity developed by 
current /, across resistor #3 is indicated. Note 
that the emitter-base bias voltage is the sum of 
the opposing voltages across resistor #3 and junc- 
tion diode C1, assuming negligible resistance in 
transformer 71 secondary. As the temperature 
increases, current Zoz0, 7, and J, increase. The 
resultant reverse-bias voltage developed across re- 
sistor #3 by current J, increases. The total for- 
ward bias (voltage across diode C71 and resistor 
£3) decreases with increasing temperature to sta- 
bilize the collector current. 

ce. The functions of transformer T1, capacitors 
C1 and C2, and resistor R2, are the same as those 
for the corresponding elements of figure 80. 

d. The effectiveness of this circuit to stabilize 
collector current at high and low temperatures 
is indicated by curve CC of figure 82. 


88. Reverse-Biased Single-Diode Stabiliza- 
tion 

a. The circuit shown in figure 83 employs re- 

verse-biased junction diode C71 as a temperature- 

sensitive element. This circuit provides two 

separate paths for the two components of the base 

current (par. 43). The base-emitter current 
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(Ie—ayefe) flows through the base region to the 
emitter, through resistor 22, battery Vo, and re- 
sistor 71 to the base lead. The saturation current 
(ozo) flows from the base lead through junction 
diode CR1, battery Vz, battery Vo, resistor 23, and 
the collector region to the base region. The diode 
is selected so that its saturation (reverse bias) 
current equals that of the transistor over a wide 
range of temperature. 

b. As the temperature increases, ozo increases. 
However, the saturation current of diode C1 in- 
creases by an equal amount, so that there is no 
accumulation of Jozo current carriers in the base 
region. Such an accumulation would cause an in- 
crease in emitter current (par. 74a). Diode C#1 
acts as a gate, opening wider to accommodate the 
increase in Zggo With temperature. This circuit is 
employed if resistance-capacitance coupling is 
used between it and the previous stage. The 
reverse-biased diode provides high resistance in 
the input. 

c. Resistor 22 swamps the emitter-base junction 
resistance, and prevents a large increase in emitter 
current, particularly at the low temperatures (par. 
74b). Resistor #3 is the collector load resistor 
and develops the output ac signal. 
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Figure 88. Transistor amplifier using single reverse-biased junction diode for compensa- 
tion of temperature variations of saturation current. 


Section V. TRANSISTOR STABILIZED CIRCUITS 


89. General 

Certain currents and voltages of a temperature- 
stabilized transistor may be used to temperature- 
stabilize another transistor or several transistors. 
Typical circuit arrangements employing this 
method are covered in paragraphs 90 through 92. 


90. Common Emitter-Base Voltage 

a. The emitter-base junction of a transistor has 
a negative temperature coefficient of resistance 
similar to that of a PN junction diode (par. 85). 
It is possible to use the variations of the emitter- 
base junction resistance of one transistor to control 
the emitter-base bias of a second transistor. A 
circuit employing this principle is shown in figure 
84, The emitter-base voltage of transistor Q1 is 
used to bias the emitter-base junction of transistor 
Q2. Assuming zero dc resistance in the secondary 
winding of transformer 72, the base of transistor 
@2 has a direct de connection to the emitter of 
transistor @1. Assuming zero de resistance in the 
secondary of transformer 7'1, the emitter of tran- 
sistor Q2 has a direct de connection to the base of 
transistor Q1. Battery Vz provides forward bias 
for transistor Q1,an NPN type. Cross connection 
of the emitters and the bases of the two transistors 
provides forward bias for transistor Q2, because 
transistor Q2 isa PNP type 

b. Transistor Q1 is temperature-stabilized by 


use of high-valued resistor 21 (swamping re- 
sistor) in the emitter lead, and low de resistance 
in the base lead. This circuit is similar to the 
circuit shown in A, figure 76 and discussed in para- 
graph 79a. Swamping resistor #1 maintains a 
relatively constant emitter current in transistor 
Q1. 
c. As the temperature increases, the base- 
emitter junction resistance of transistor Q1 de- 
creases. Because the current through the junction 
remains constant, the voltage drop across the junc- 
tion decreases. A decrease in this voltage repre- 
sents a decrease in the forward bias of transistor 
@Q2. The tendency of transistor Q2 collector cur- 
rent to increase with the temperature increase is 
offset. 

d. If a curve of transistor Q2 collector current 
versus temperature were plotted, it would be sim- 
ilar to the double-diode stabilization curve (curve 
CC, fig. 82). 

e. In the circuit of figure 84, transformer 7'1 
couples the ac signal input to the base-emitter 
circuit of transistor Q1. Battery Vg supplies 
emitter-base bias voltage for transistor Q1 and 
collector voltage for transistor Q2. Resistor #1 
is the emitter swamping resistor. Capacitor (1 
bypasses the ac signal around resistor #1 and 
battery Vz. Battery Vc supplies transistor 1 
collector voltage. Transformer 72 couples the ac 
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Figure 84. Circuit showing temperature stabilization of one transistor (Q2) by the 
emitter-base voltage of another transistor (Q1). 


signal output of transistor Q1 to the input circuit 
of transistor Q2. Resistor #2 is the transistor Q2 
collector load resistor and develops the output 
signal. Capacitor C2 blocks the de voltage from 
and couples the ac signal to the following stage. 


91. Common Emitter-Collector Current 


a. A method of temperature-stabilizing the 
emitter-collector current of one transistor by using 
the stabilized emitter-collector current of another 
transistor is shown in figure 85. Transistor Q1 
collector current is stabilized by use of swamping 
resistor #2. Resistor #1 is selected so that its 
value is low, thus limiting the accumulation of 
saturation current carriers in the base region (par. 
14a). 

6. The stabilized dec collector current of tran- 
sistor @1 is made to flow through the emitter- 
collector of transistor Q@2 by connecting the col- 
lector of transistor Q1 directly to the emitter of 
transistor Q2. The current of this circuit is in- 
dicated by the arrows. Electrons that flow into 
the emitter lead of transistor Q1 flow through 
resistor #2, battery Vo, resistor 24, collector- 
emitter of transistor Q2, and into the collector of 
transistor @1. 

e. The advantage of this method of stabilizing 
the collector current of transistor @2 is that it 
eliminates the need for a swamping resistor in the 
emitter lead of transistor @2. The elimination of 
such a swamping resistor is especially important 
in power amplifiers that draw heavy emitter 
currents. 

d. The functions of the circuit elements are as 
follows: 

(1) Note that transistor @1 is used in a CC 
amplifier and that transistor Q2 is used 
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in a CE amplifier. Capacitor C3 places 
the collector of transistor Q1 and the 
emitter of transistor Q2 at ac zero poten- 
tial. 

(2) Capacitor C1 blocks the de voltage from 
the previous stage and couples the ac 
signal to the base of transistor G1. Re- 
sistor #1 provides a de return path for 
base current. Battery Vs, provides base- 
emitter bias. Resistor #2 is the emitter 
load resistor and develops the output sig- 
nal. Capacitor C2 blocks the emitter de 
voltage from and couples the ac signal 
voltage to the base of transistor Q2. 

(3) Resistor #3 provides a de return path 
for base current. Battery Vs. provides 
base bias. Resistor 24 is the collector 
load resistor and develops the output sig- 
nal. Battery Ve provides voltage for 
both transistors. 


92. Bias Variation With Collector Current 
a. Figure 86 shows two stages of a de (direct- 

coupled) amplifier. A dc amplifier amplifies dc 

voltage and very low-frequency ac signals. 

b. This circuit is arranged so that an increase in 
collector current caused by a temperature rise in 
transistor @1 will reduce the forward bias in 
transistor Q2. 

ce. The circuit operates as follows: 

(1) Transistor Q1 is used in a CB amplifier ; 
its stability factor is ideal (par. 7%c). 
However, some variation of its collector 
current does occur with temperature vari- 
ation. Assume an increment in collector 
current (AJg) occurs because of an in- 
crease in temperature. The increase in 
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Figure 85. Circuit using common emitter-collector current for temperature stabilization, 
in two transistors. 


collector current is in the direction of the 
arrow. A portion of the increment in 
collector current flows through resistor 
#3. This current is designated A/c, and 
develops a voltage across resistor #3 with 
the polarity indicated. Another portion 
of the increment in collector current flows 
through resistor 22. This current is des- 
ignated A/c, and develops a voltage 
across resistor #2 with the polarity indi- 
cated. Note that the voltage polarities 
indicated are only for an increment in 
collector current, and are not necessarily 
the steady-state voltage polarities. The 
steady-state voltages are of no interest 
in this discussion and will not be treated. 


(2) Consider the base-emitter bias circuit of 


transistor Q2. The base-emitter bias is 
the sum of the voltages across resistors 
R3, R2, and battery Vo. The indicated 
voltage across resistor #3 aids the for- 
ward bias; that across resistor #2 opposes 
the forward bias. By selecting the values 
of resistors 22 and 73 so that the voltage 
drop across resistor #2 is the larger, the 
resultant forward biasis decreased. This 
action limits the tendency of transistor 
@2 collector current to increase with 
temperature. 

d. In this circuit, resistor #1 is the emitter 
swamping resistor. Battery Vz supplies emitter 
bias voltage. Battery Ve supplies collector vol- 
tage for both transistors. Resistor #4 is the col- 
lector load resistor. 
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Figure 86. Two-stage temperature-stabilized de amplifier. 
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Section VI. VOLTAGE STABILIZATION 


93. General 


a. In paragraph 80, the voltage stability factor 
(Sv) was explained and expressed by the following 
equation : 


Sy=—[S7Ret Rel tapS)] 


This equation shows that the voltage stability fac- 
tor is directly proportional to the current stability 
factor (S;). Therefore, the circuit techniques 
(pars. 77-92) for improving the current stability 
factor will also result in improvement of the volt- 
age stability factor ; that is, limiting the variations 
of collector voltage with temperature variations of 
saturation current. 

b. Circuits used to stabilize the collector supply 
voltage are discussed in paragraphs 94 through 96. 


94. Breakdown Diode Voltage Regulator 

a. A graph of the current through and the 
voltage across a reverse-biased junction diode is 
shown in A, figure 87. Note that at a certain 
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Figure 87. Breakdown diode current-voltage 
characteristics and voltage regulator. 
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value of reverse-bias voltage (Forr), the current 
increases rapidly while the voltage across the 
diode remains almost constant. The voltage at 
which this action occurs is called the breakdown, 
or Zener, voltage. The name Zener is that of 
the scientist who investigated this phenomena. 
When the reverse-biased diode is used to take 
advantage of this characteristic, it is called a 
breakdown or Zener diode. Note that this char- 
acteristic is similar to that of some gas-filled 
tubes, that start conducting at a particular volt- 
age and continue to conduct varying amounts of 
current while the voltage across the tube remains 
almost fixed. 

b. Asin the case of the gas-filled tube, the break- 
down diode can be used as a voltage regulator (B, 
fig. 87). 

(1) When the current (/2) drawn by the load 
increases, the total current drawn from 
the source (Ey) does not increase. The 
increased current for the load is diverted 
to the load from breakdown diode CF1; 
the voltage across breakdown diode C#1 
and the load remain constant. A de- 
crease in the current (7/2) drawn by the 
Joad causes a corresponding increase in 
the current (/1) drawn by the breakdown 
diode. Under these conditions, the total 
current (Jr) drawn from the source 
(E1y) remains constant, so that the volt- 
age output (Zovr) again remains con- 
stant. 

(2) If the source voltage (Zim) increases, 
total current (77) drawn from the source 
increases. The voltage drop across re- 
sistor 21 increases by the amount of in- 
crease in the source voltage, and current 
Z1 increases by the amount of increase in 
current Jy. The load current (/2) and 
the load voltage (Zour) remain constant. 
A decrease in source voltage is compen- 
sated in the same manner by a decrease in 
voltage drop across resistor #1, and a 
decrease in current /1. 

c. The voltage regulator discussed in 6 above, 
is capable of maintaining constant load voltage 
although variations occur in either or both source 
voltage and load current. Dependent on the 
characteristics of the particular breakdown di- 


ode, the breakdown voltage can be any value 
from 2 to 60 volts 


95. Breakdown Diode Temperature Com- 
pensation 

a. It was stated (par. 856), that the reverse- 
biased junction diode has a negative temperature 
coefficient of resistance. This statement is true if 
the reverse-bias voltage does not equal or exceed the 
breakdown voltage (fig. 87). The breakdown 
diode has a positive temperature coefficient of re- 
sistance several times larger than the negative tem- 
perature coefficient of resistance of the forward- 
or reverse-biased junction diode. 

b. The discussion in paragraph 94 concerning 
the voltage regulator (B, fig. 87) applies only if the 
temperature of the breakdown diode does not vary 
under operating conditions. One method of com- 
pensating for the increasing or decreasing 
breakdown diode resistance with increasing or de- 
creasing temperature, respectively, is to place ele- 
ments of negative temperature-coefficient in series 
with the breakdown diode. Figure 88 shows a 
circuit with two forward-biased diodes (C1 and 
C'R2) im series with the breakdown diode (C23). 
The total resistance of the three diodes in series 
remains constant over a wide range of tempera- 
tures, The complete result is a constant voltage 
output although temperature, input voltage (Z1x), 
and load-current drain may vary. 

e. Two diodes are used in this circuit because 
the temperature-coefficient of resistance of each is 
half that of the breakdown diode. Forward- 
biased diodes are used because of the very low 
voltage drop across them. Thermistors, or other 
temperature-sensitive elements, can also be used. 


96. Voltage Stabilized Transistor Amplifier 

a. The circuit shown in figure 89 uses a break- 
down diode (C1) to stabilize the collector volt- 
age. Note that the current (72) drawn from the 
battery divides into breakdown diode current (/1) 
and collector current (Zc). When the dc collector 
current increases because of the increase in tem- 
perature, current /1 decreases by the same amount, 
so that current /2 remains constant; the dc voltage 
drop across resistor #2 also remains constant. 
The voltage supplied to the collector (the battery 
voltage less the voltage drop across resistor #2) 
also remains constant. 

b. The discussion in a above, neglects the varia- 
tion in the resistance with temperature of break- 


TM690-117 


Figure 88. Breakdown diode temperature-compensated 
voltage regulator. 


down diode CR1. A method for compensating for 
this change in resistance is discussed in paragraph 
95. 

c. The ac resistance of a breakdown diode may 
vary from 5 ohms to 1,000 ohms depending on the 
particular diode. To avoid shunting collector 
load resistor 22 by the low ac resistance of diode 
CR1, a high impedance choke coil (£1) is placed 
in series with the diode. 

d. Transformer 7’1 couples the ac signa] to the 
base-emitter circuit. Resistor R1 is the emitter 


Ic 


Ti 
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Figure 89. Breakdown diode used in an amplifier to 
obtain collector voltage stabilization. 
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Battery Vz provides emitter- 
base bias voltage. Capacitor C1 bypasses the ac 
signal around resistor 21 and battery Vz. Capac- 
itor (2 blocks the collector de voltage from and 
couples the ac signal to the following stage. 


swamping resistor. 


97. Surge Protection by Junction Diode 

a. If an excessive emitter-collector voltage oc- 
curs when the normally forward biased base- 
emitter circuit is reverse biased, internal oscillation 
may occur that can destroy the transistor. This 
condition can occur in transistor amplifiers using 
transformers for input and output (fig. 90). 

b. If the signal from the previous stage is sud- 
denly terminated or if too strong noise signals 
drive the base-emitter circuit into a reverse bias 
condition, the collector current is rapidly cut off. 
The field surrounding transformer T2 collapses 
rapidly and produces a high emitter-collector 
voltage while the base-emitter circuit is reverse 
biased. As stated in a above, this condition causes 
strong oscillations which dissipate power in the 
transistor and can destroy it. To forestall the 
possible occurrence of this condition, a junction 
diode is connected between the base and the 
emitter to prevent the base-emitter circuit from 
reverse biasing. This action is referred to as 
shunt-limiting action. 

ce. The voltage divider consisting of resistors 
R1 and R2 introduces a voltage into the base cir- 
cuit to forward-bias the base-emitter junction, 
and reverse bias junction diode CR1. Under nor- 
mal operating conditions, junction diode CR1 can 
be considered an open circuit. A strong surge 
voltage of the polarity indicated can occur across 
transformer T1 secondary. If the surge voltage 
is greater than the voltage across resistor R1, 
junction diode CR1 will become forward-biased 
and conduct. When diode CR1 conducts, only a 
very small voltage appears across it and the volt- 
age can be considered negligible. This action 
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Figure 90. Use of junction diode to prevent base-emitter 
circuit from reverse-biasing. 
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prevents the base-emitter junction from reverse 
biasing (a above). 

d. Transformer T1 couples the ac signal to the 
amplifier. Capacitor Cl bypasses the ac signal 
around resistor Ri. Transformer T2 couples the 
ac signal to the following stage. 


98. Summary 


a, Reverse-bias collector current Jeno (fig. 72), 
also called saturation current, increases rapidly 
at high temperatures and causes increased emitter 
current (Zz). 

b. Emitter-base junction resistance decreases 
with increasing temperature and causes increased 
emitter current, even when temperature rises from 
very low values (such as —25° C). See figure 73. 

c. The current stability factor (S;) is defined as 
the ratio of an increment in emitter current (A/z) 
to an increment in saturation current (A/cso), and 
is expressed : 


d. The current stability factor (fig. 74) in terms 
of external resistance is expressed : 


PFA Ae len) 
Sal atEt 
e. The voltage stability factor (Sv) is defined 
as the ratio of an increment in collector voltage 


(AVcx) to an increment in saturation current 
(A/7eso) and is expressed : 


cBo 


f. The expression for voltage stability factor 
(fig. 74) is: 


Sy= = [S:Ret+ Ro(1 +aypS1) ] 


g. An emitter swamping resistor minimizes var- 
iations in emitter current caused by variations in 
the emitter-base junction resistance. 

h. Zero base resistance limits the accumulation 
of saturation current carriers in the base region 
and therefore limits the increase in emitter current 
due to this cause. 

i. The basic CB amplifier (B, fig. 74) exhibits 
best temperature stability because it uses an 
emitter swamping resistor and zero base resist- 
ance. 


j. The basic CE amplifier (C, fig. 74) exhibits 
poor temperature stability because it uses a base 
resistor and zero emitter resistance. 

k. The temperature stability of the basic CC 
amplifier (D, fig. 74) depends upon the ratio of 
base resistance to emitter resistance. 

l. CE amplifiers can be designed to use zero 
base resistors and an emitter-swamping resistor 
(A, fig. 76). 

m. De negative feedback can. be employed to 
minimize variations in emitter current with tem- 
perature (C, fig. 76). 

n, Emitter current stability can be achieved by 
reducing emitter-base forward bias by 2.5 milli- 
volts for each degree (centigrade) rise in tem- 
perature. 

o. A forward-biased junction diode has a nega- 
tive temperature coefficient of resistance. 

p. A reverse-biased junction diode has a nega- 
tive temperature coefficient of resistance provided 


the reverse-bias voltage does not equal or exceed 
the breakdown voltage. 

gq. Thermistors (figs. 77 and 78), forward-biased 
diodes (fig. 80), on reverse-biased diodes (fig. 83) 
can be used to reduce emitter-base forward bias 
(n above), as the temperature increases. 

r. The currents and voltages developed in a 
temperature-stabilized transistor amplifier (figs. 
84 and 85) can be used to temperature-stabilize 
other transistor amplifiers. 

s. The breakdown (Zener) diode (figs. 87~90) 
can be used as a voltage regulator to stabilize 
collector voltage. 

t. The breakdown diode has a positive tempera- 
ture coefficient of resistance. 

wu. Temperature-sensitive elements such as for- 
ward- or reverse-biased junction diodes having a 
negative temperature coefficient of resistance can 
be used to temperature-stabilize breakdown diodes 
(fig. 88). 
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CHAPTER 6 


TRANSISTOR ANALYSIS AND COMPARISON USING CHARACTERISTIC CURVES 
AND CHARTS 


rr 


Section |. TRANSISTOR ANALYSIS 


99. General 


Paragraphs 100 through 103 cover the graphical 
analysis of the transistor. 

a. The output static characteristic curves are 
used to calculate voltage, current, and power gain 
(par. 100). 

b. The forward transfer static characteristic 
curves and the output static characteristic curves 
with its loadline are used to construct the dynamic 
transfer characteristic curve (par. 101). Para- 
graph 101 also discusses the use of the dynamic 
transfer characteristic curve to determine distor- 
tion under overload conditions. 

e. Collector voltage and current readings at a 
number of points are used to construct a constant 
power dissipation line on the output. static char- 
acteristic curve (par. 102) to determine operation 
of the transistor within its power dissipation 
ratio. 

d. The effect of collector current and voltage 
on the capacitance existing between the collector 
and the base is covered graphically in paragraph 
103. 


100. Output Characteristic Curves, Calcula- 
tion of Gain 
a. General. Calculation of the current, voltage, 

and power gain of a common-emitter transistor 
amplifier (A, fig. 91) can be accomplished by using 
the common-emitter output static characteristic 
curves (B, fig. 91). The output characteristic 
curves plot the collector current against the col- 
lector voltage with the base current as the fixed 
value. The known information about the ampli- 
fier is as follows: 

(1) Collector-supply voltage is 10 volts. 

(2) Load resistor #2 is 1,500 ohms. 
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(3) The emitter-base input resistance (71) is 
500 ohms. 

(4) The peak-to-peak input current is 20 pa. 

(5) The operating point (X) is 25 ya of base 
current and 4.8 volts on the collector. 

b. Loadline. The first step in the procedure is 
to establish the loadline of load resistor #2 on the 
output characteristic curves. This is done by 
locating and connecting points Y and Z of the 
loadline. 

(1) When the collector current is zero, the 
total collector supply voltage (10 volts) 
equals the collector voltage (Vox). 
Point Z (one point of loadline) then is 
at the 10-volt mark on the horizontal axis. 

(2) When the voltage on the collector is zero, 
the total collector-supply voltage (10 
volts) is dropped across load resistor #2 
(1,500 ohms). The total current (/c) 
then is: 


_ Wy 
~~ 1,500 ohms 


=0.0066 ampere 


Ie 


= 6.6 ma 


Point Y (second point of loadline) then 
is at the 6.6-ma mark on the vertical axis. 
(3) Connecting points P and Z with a 

straight line establishes the load line. 
Note, The relationship of the loadline to the 
output characteristic curves for the transistor is 
equivalent to that for the electron tube. For 

details, refer to TM 11-662. 

c. Operating Point and Waveforms. The op- 
erating point (a(5) above), is located at point X 
on the loadline. This point is the intersection of 


COLLECTOR GURRENT Ic (MA) 
r 


OUTPUT 
CURRENT 


OUTPUT 
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Pa INPUT 
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Figure 91. CE amplifier and its output characteristic curves with loadline. 


a line drawn vertically from the 4.8-volt mark on 
the horizontal axis to the 25 ya curve of base cur- 
rent. Since the peak-to-peak input current, is 20 
pa(a(4) above), the deviation is 10ua above the 
operating point (point @) and 10 ya below the 
operating point (point V). 

(1) Establish the waveform for the input 
current by extending a line (perpendicu- 
lar to the loadline) from operating point 
X and each deviation point (M and V). 

(2) Establish the waveform for the output 
current by extending a horizontal line 
through the vertical axis from the operat- 


(8) 


ing point and each of the deviation points 
(M,N, and X). 

Establish the waveform for the output 
voltage by extending a vertical line 
through the horizontal axis from the op- 
erating point and each of the deviation 
points (HM, V,and X). 

Note. The horizontal Hines extended through 
the vertical axis provide the collector-current 
operating point and the deviation from the op- 
erating point. The vertical lines extended 
through the horizontal axis provide the collector 
voltage operating point and the deviations from 
the operating point. 
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d. Current Gain. Current gain in this con- 
figuration is the ratio of the change in collector 
current to the change in base current. 


(1) Determine the current gain as follows: 
Ale 
Als 


Ie(max) — Ic¢(min) 
~~ Iz(max) —Ip(min) 


A= 


(2) Substitute known values in the formula: 


4.7 ma—2.1 ma 


A= 35 pa—15 pa 


The current is amplified 130 times. 

e. Voltage Gain. Voltage gain in this con- 
figuration is the ratio of the change in collector 
voltage to the change in base voltage. 

(1) Determine the voltage gain as follows: 


(2) Solve for AVsz. The change in input 
voltage is the change in input current 
multiplied by the input impedance (500 
ohms). 

AVer= Algr; 
=20 pa X500 ohms 
=0.00002 ampere 500 ohms 
=0.01 volt 


(3) Substitute known values in the formula 
((1) above). 


6.7v—2.70 
A= O01 
_ _4v 
~ 0.010 
=400 
The voltage is amplified 400 times. 


f. Power Gain. The power gain is the voltage 
gain times the current gain. 
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(1) Determine the power gain as follows: 
G=A,A; 


(2) Substitute known values obtained in d 
and e above. 


G= 130400 
G=52,000 


The power input is increased 52,000 
times in going through the transistor. 
(3) The power gain in dbis: 


G=10 log 52,000 
=10X4.7 
=47 db 


101. Dynamic Transfer Characteristic Curve 

a. Construction of Dynamic Transfer Charac- 
teristic Curve. The loadline on the output static 
characteristic curve tells a great deal (par. 100), 
but not as conveniently as does another type of 
characteristic curve. When the effects of the load- 
line are added to the forward transfer static char- 
acteristic curves, a resultant curve known as the 
dynamic transfer characteristic curve (fig. 92) is 
formed. It has become common practice, when 
studying the behavior of the collector current 
under the influence of a signal current applied to 
the base, to show the dynamic transfer character- 
istic and to plot the input signal and the resultant 
collector current along this characteristic (0 be- 
low). In figure 92, the output characteristic with 
the 1,500-ohm loadline (B, fig. 91) is repeated. In 
addition, the transfer static characteristic is drawn 
to its left. To show the collector current-base cur- 
rent curve, which represents the collector current 
corresponding to certain base currents and the ef- 
fect of the load in creating the effective collector 
voltages, the 1,500-ohm loadline will be projected 
on the transfer static characteristics. The two 
families of curves have three attributes in com- 
mon—a common-collector current axis, like values 
of base current, and like values of collector-supply 
voltage, although the last two named are illus- 
trated differently. To project the effect of the 
loadline on the transfer static characteristics, it is 
necessary to plot the collector current values for 
each value of base current (P-Z) shown on the 
output characteristic curve. This is done as fol- 
lows: 
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Figure 92. Construction of dynamic transfer characteristic curve from output static characteristic curves with 
loadline and forward transfer static characteristic curves. 


(1) 


Extend a horizontal line from point P of 
the output characteristic curve to point 
P' (J3=0 and /¢=0.85 ma) of the trans- 
fer static characteristic curves. 


Note. The dynamic transfer characteristic 
curve for the transistor is equivalent to that 
for the electron tube. For details, refer to 
TM 11-662. 


b. Dynamic Transfer Characteristic Curve, Sig- 
nal .Analysis. 
(1) Linear operation (fig. 93). When the 


(2) Extend a horizontal line from each of the 
remaining points (@ through Z) to locate 
@' through Z' of the transfer static char- 


(3) 


(4) 


acteristic curves. 

Connect points P! through Z? sequen- 
tially to establish the dynamic transfer 
characteristic curve. 

The two curves on the transfer charac- 
teristics marked 2.5V and 10V are ob- 
tained with collector voltage held con- 
stant and the output ac short circuited. 
This is a static condition. The collector 
voltage of the dynamic transfer charac- 
teristic curve is not shown as a constant 
value since the collector voltage now 
varies because of the presence of the load 
resistor. 


proper operating point is established and 
if the change of base current is within 
the linear portion of the dynamic trans- 
fer characteristic curve, the transistor 
will operate linearly. When the tran- 
sistor is operating linearly, the amplified 
output signal will be an exact reproduc- 
tion of the input signal. Class A am- 
plifiers are operated in this manner. 


(2) Overdriving (fig. 94). When the proper 


operating voltage is established, and if 
the change of base current exceeds the 
linear portion of the dynamic transfer 
characteristic curve, the input signal is 
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Figure 98. Dynamic transfer characteristic curve 
showing linear (class A) operation. 


overdriving the transistor and the am- 
plified output signal will be distorted. 
(3) Improper operating point (fig. 95). 
When the improper operating point is 
established, the change of base current 
will automatically cause the linear por- 
tion of the dynamic transfer character- 
istic curve to be exceeded. The location 
of the operating point will determine 
whether the negative or positive change 
of base current will exceed the linear 
portion. When the transistor is func- 
tioning in this manner, the output signal 
will be distorted during either the nega- 
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Figure 94. Dynamic transfer characteristic curve 
showing overdriving. 
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tive or the positive change in collector 
current. 

(4) Class B operation. Use of the dynamic 
transfer characteristic curve in analyzing 
distortion in class B operation of ampli- 
fiers is covered in chapter 7. 


102. Constant Power Dissipation Line 

a. Each transistor has a maximum collector 
power that it can safely dissipate without damag- 
ing the transistor. To insure that the maximum 
collector power dissipation rating is not exceeded, 
a constant power dissipation line (fig. 96) is 
drawn on the output static characteristic curves 
and the collector load resistor is selected so that 
its loadline falls in the area bounded by the 
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Figure 95. Dynamic transfer characteristic curve 
showing nonlinear operation. 


vertical and horizontal axis and the constant 
power dissipation line. 

b. The constant power dissipation line repre- 
sents a number of points of collector voltage and 
collector current, the products of which (in power) 
are equal to the maximum collector power rating 
of the particular transistor. To draw the constant 
power dissipation line, the maximum collector 
power rating and a set of output static character- 
istic curves are required. Assume that, for a given 
transistor, the rating is 18 mw and the required 
curves are as shown in figure 96. To construct the 
constant power dissipation line, proceed as 
follows: 


(1) Use the formula: power equals voltage 


times current. 
P=EI 
(2) Rearrange the formula: 
P 
I= E 
(3) Substitute 18 mw for power in the for- 
mula, and select arbitrary values of volt- 
age to find corresponding values of cur- 
rent. For instance, assume 15 volts is 
selected. 
18 mw 
i 15 v 
=1.2 ma 
Continue this procedure until a sufficient 
number of points is obtained. Typical 
points are indicated in the chart below. 
E I E 1 
(volts) (ma) (volts) (ma) 
, ea ae 4.5 
Banaocedeccoseses 6.0 
Di csc ses ance 9.0 


These voltage and current points are lo- 
cated and marked on the output static 
characteristic curves. When connected, 
the resultant curve represents the con- 
stant power dissipation line. 
¢e. Any loadline selected so that it is tangent to 
the constant power dissipation line will insure 
maximum permissible power gain of the tran- 
sistor while operating within the maximum 
collector power dissipation rating. This is im- 
portant in the use of power amplifiers. 


103. Interelement Capacitances 


a. Figure 97 shows the interelement capaci- 
tances associated with the transistor. The capaci- 
tances are shown externally ; however, the actual 
capacitance effects are produced by the PN junc- 
tions within the transistor. Because the width of 
the PN junctions vary in accordance with the volt- 
ages across them and the current flow through 
them, the capacitance values also vary. For ex- 
ample, the variation of collector-base capacitance 
(C.») with collector voltage and emitter current 
is shown in A and B, figure 98. 
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Figure 96. Output static characteristic curves with 
constant power dissipation line, 


(1) The increase in the width of the PN junc- 
tion between base and collector, as the re- 
verse bias voltage (Ves) is increased, is 
reflected in lower capacitance values. 
This phenomenon is equivalent to spread- 
ing apart the plates of a capacitor so that 
lower capacitance results. 

An increase in emitter current, most of 
which flows to the collector through the 
base-collector junction, increases the col- 
lector-base capacitance (C1). The in- 
creased current through the PN junction 
may be considered as effectively reducing 
the width of the PN junction. This 
phenomenon is equivalent to reducing the 
distance between the plates of a capacitor 
so that increased capacitance results. 

(3) In high-frequency amplifier applications, 
the collector-base capacitance causes posi- 
tive feedback that may result in oscilla- 
tion. External circuits must be used to 
prevent oscillation (ch. 8). 

(4) The average value of collector-base cn- 
pacitance (C.1) may vary from 2upef for 
high-frequency transistors, to 50nyf for 
low-frequency (audio) transistors, 

6. The collector-emitter capacitance (C.c) of a 
transistor, also caused by the PN junction, nor- 


(2 
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mally is 5 to 10 times greater than that of the col- 
lector-base capacitance and also varies with emit- 
ter current and collector voltage (a above). 

(1) The effect of the variation of interele- 
ment capacitance with current and volt- 
age is utilized to frequency moduljate 
oscillators (ch. 12). 

(2) Because the collector-emitter capacitance 
is 5 to 10 times greater than the collector- 
base capacitance, common-base amplifiers 
have a better high-frequency (audio) re- 
sponce than common-emitter amplifiers. 

c. The emitter-base capacitance (C-»), although 
very high because of normal forward bias and re- 
sultant small width of the PN junction, does not 
offer many problems in amplifier design because 
it is normally shunted by a low input resistance. 
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Figure 97. Effective interelement 
eapacitances of the transistor. 
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Figure 98. Variation of collector-base capacitance (Ce) 
with collector voltage and emitter current. 


Section Il. COMPARISON OF TRANSISTOR CONFIGURATIONS 


104. Comparison of Configurations for Re- 
sistances 


a, Medium-Power Amplifier Stage. Figure 99 
represents a typical medium-power amplifier 
stage. The block labeled transistor represents the 
common-collector, the common-emitter, or the 
common-base configuration. The input signal is 
represented by voltage source v, and input resist- 
ance /?, of the voltage source. The transistor 
input resistance is represented by 7: and the output 
resistance is represented by 7. The load resistance 
is represented by 21. 

b. Load Resistance and Input Resistance. Fig- 
ure 100 shows the comparison of the load resistance 
to the input resistance for the common-collector, 
common-emitter, and common-base configurations. 
Input resistance 7; for the common-collector and 
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the common-base configurations increases as load 
resistance /, is increased. Input resistance 7; for 
the common-emitter configuration decreases as 
load resistance @y is increased. Unlike the elec- 
tron tube amplifier, the transistor amplifier input 
resistance depends upon the value of the load 
resistor. 

ce. Generator Resistance and Output Resistance. 
Figure 101 shows a comparison of generator resist- 
ance /, to the output resistance 7, for the common- 
base, common-emitter, and common-collector con- 
figurations. Output resistance 7, increases as 
generator resistance #, increases for the common- 
base and common-collector configurations. Out- 
put resistance 7, decreases for the common-emitter 
configuration as generator resistance 2, increases. 
Unlike the electron tube amplifier, the transistor 


TRANSISTOR 
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Figure 99. Medium power amplifier stage showing tran- 
sistor as a block with a voltage source and a load 
resistance. 


output resistance depends upon the generator 
resistance. 


105. Comparison of Configurations for Gain 

a. General. The three possible circuit. configur- 
ations for the transistor were covered in chapter 3. 
Formulas were developed in chapter 4 calculating 
input resistance, output resistance, current gain, 
voltage gain, and power gain. Typical values of 
these quantities for medium-power transistors are 
given in } below. Charts that plot voltage, cur- 
rent, and power gain for each configuration of a 
particular transistor are discussed in c, d, and ¢ 
below. This information will help the reader to 
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Figure 100. Variation of input resistance with load 
resistance for each configuration. 
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Figure 101. Variation of output resistance with generator 


resistance for cach configuration. 


appreciate the combinations of configurations used 
in audio amplifiers, and the combinations of con- 
figurations used to achieve a given result. 

b. Typical Values. The table on the following 
page lists typical values of input resistance, out- 
put resistance, current gain, voltage gain, and 
power gain for the three configurations. 

c. Common-Base Amplifier. Figure 102 shows 
the comparison of the various gains of a common- 
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Figure 102. Common-base, voltage, current, and power 
gain characteristic curves. 
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Item CB amplifier CE amplifier cc CC amptifier 
Input resistance... _--..---- 30-150 ohms___._-_-_--_-- 500-1,500 ohms_-___-._--- 2K-500K ohms. 
Gutnut teslelaneas _ Bae 3 300K—500K ees . z i soctesed  30K-50K- eos — = eae om ‘ 50-1,000 ohms. — 
Voltage gain... Sie eceerec 500-1,500 me ane i. we ae 300-1,000_- ane ss Less than 1. he 
Burcent ios neds a Less than | ae ; ea 25-50__-__- coh ces ott 25-50. nr 
Power Sine 20-30 ails i2ece os = ead 95-40 db. see Si 2.0% a ce 10-20 db. — 


base amplifier. The voltage gain (A») is the ratio 
of the signal output voltage to the signal input 
voltage. The current gain (A;) is the ratio of the 
signal output current to the signa) input current. 
The power gain (@) is the ratio of the output sig- 
nal power to the input signal power expressed in 
db. The current gain, the voltage gain, and the 
power gain are plotted against the load resist- 
ance. The current gain (A;) is always less than 
one and decreases as the load resistance is in- 


creased. The voltage gain (A.) increases as the 
load resistance is increased. The maximum pow- 
er gain (@) for this particular transistor occurs 
when the load resistance is approximately 300,000 
ohms. 

d. Common-Emitter Amplifier. Figure 108 
shows the comparison of the various gains of a 
common-emitter amplifier. The current gain 
(A;) decreases as the load resistance is increased. 
The voltage gain (4,) increases as the load re- 


Ay | A; 
I 
=e aan 
~ ESE Ee 
a a fae 
! Se 
a (ee (eS ee (| a a 
Pr oe (aaa ae as a Oe a OS A ee 
A cme ae (ce, 
es ><  e  a < 
oy ae ok ee 
a a, CD al bd He 
ihe eM mea. De 
oa, ea (Rs MP, a De 
hee lle Me a ee 
eae ee Fe Go DP 
ee, eae Fe Ha ses eet ae a 
pS as ese (eee a ee a 
o o © 9 8 


LOAD RESISTANCE (OHMS) 


AysVOLTAGE AMPLIFICATION 
Aj * CURRENT AMPLIFICATION 


TM690-132 


Figure 103. Common-emitter, voltage, current, and power gain characteristic ourves, 
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sistance is increased. The maximum power gain 
(G) occurs when the load resistance is approxi- 
mately 40,000 ohms. Note that current, voltage, 
and power gain for this configuration may exceed 
unity. 

e. Common-Collector Amplifier. Figure 104 
shows the comparison of the various gains of 
a common-collector amplifier. The current gain 
(A,) decreases as the load resistance is increased. 
The voltage gain (A,) increases as the load re- 
sistance is increased but it never exceeds unity. 
The maximum power gain (@) occurs when the 
load resistance is approximately 1,000 ohms. 
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Figure 104. Common-collector, voltage, current, and 
power gain characteristic curves. 


106, Summary 


a, The current, voltage, and power gain of a 
transistor amplifier can be calculated from the 
output static characteristic curves upon which has 
been drawn the loadline. 

b. The loadline displays the way in which the 
collector-supply voltage is divided between the 
load and the collector under various conditions of 
collector current 

e. The dynamic transfer characteristic curve 
may be used to determine the linearity and non- 
linearity of the output signal to the input signal 
for a specific operating point and a specific load 
resistance. 

d. Nonlinearity in a transistor’s behavior is a 
source of distortion and is undesirable except for 
specific types of operation. 

e. The constant power dissipation line may be 
used to establish a loadline that will provide 
maximum gain without exceeding the maximum 
collector power dissipation rating of the tran- 
sistor. 

f. The interelement capacitances of the tran- 
sistor are caused by the PN junctions in the 
transistor. 

g. The curves for voltage, current, and power 
gain help in selecting a specific configuration to 
obtain a specific result or a combination of con- 
figurations to obtain a specific result. 


CHAPTER 7 
AUDIO AMPLIFIERS 


ae 


Section |. INTRODUCTION 


107. General 


a. Audio amplifiers are used in equipment such 
as public address systems, sound recorders, sound 
reproducers and radio and television sets. The 
frequencies of the signals amplified are in the 
range of 10 to 20,000 cps. 

bd. The input circuit of a transistor amplifier 
may draw current from either the input device or 
the previous stage. In this respect, each tran- 
sistor amplifier is considered as either a current 
or @ power amplifier operating at a current or a 
power level higher than the previous stage and 
lower than the following stage. Preamplifiers 
(pars. 109-114) usually operate at power levels 
measured in micromicrowatts, or microwatts. 
Driver stages (pars. 126-129) usually operate at 
power levels measured in milliwatts. Power 
stages (pars. 130-133) usually operate at power 
levels measured in hundreds of milliwatts or in 
watts. These power levels are only approximate; 
the equipment in which these stages are used de- 
termine the power levels of the preamplifier, the 
driver, and the power stage. 


108. Classification of Amplifiers 


As in the case of electron tube amplifiers, tran- 
sistor amplifiers can be operated class A, class B, 
class AB, or class C. 

a. Class A. Class A amplifiers are operated on 
the linear portion of the collector characteristics 
(par. 99). The transistor amplifier is so biased 
that collector current flows continuously during 
the complete electrical cycle of the signal and 
even when no signal is present. Audio, ampli- 
fiers, operated class A, may be used in single- 
ended or in push-pull applications. 

b. Class B. Class B amplifiers can be biased 
either for collector current cutoff or for zero 
collector voltage. 
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(1) When biased for collector current cutoff, 
collector current will flow only during 
that half cycle of the input signal voltage 
that aids the forward bias. This method 
of bias is most often used because it 
results in the best power efficiency. 

(2) When biased for zero collector voltage, 
heavy collector current will flow when no 
signal is present. Almost all of the col- 
lector supply voltage will be applied 
across the collector load resistor. Power 
dissipation in the transistor will be zero 
since power is the product of current and 
voltage. The collector voltage will vary 
only during that half cycle of the input 
signal voltage that opposes the forward 
bias. This method of bias is seldom used 
because high power dissipation in the load 
resistor when no input signal is present 
results in low power efficiency. Also, 
when the collector current is heavy, the 
forward current transfer ratio (ao) 18 
appreciably reduced. 

(3) Class B audio amplifiers must be oper- 
ated in push-pull to avoid severe signal 
distortion. 

e. Class AB. Class AB amplifiers can be 
biased so that either the collector current or the 
collector voltage is zero for Jess than a half cycle 
of the input signal. The statements for the class 
B amplifier (6 above) apply also to the class AB 
amplifier. 

d. Class C. Class C amplifiers can be biased 
so that either the collector current or the collector 
voltage is zero for more than a half cycle of the 
input signal. The class C amplifier, either in 
single-ended or in push-pull application, should 
never be used as an audio amplifier because it 
will result in severe signal distortion. 


Section Il. PREAMPLIFIERS 


109. General 


a. Preamplifiers are low-level stages (par. 1076) 
that usually follow low-level output transducers 
such as microphones, hearing-aid pickup devices, 
and recorder-reproducer heads. 

b. The most important characteristics of pre- 
amplifiers are the signal-to-noise level (noise fac- 
tor) (par. 110), the input and output impedances 
(par. 111), and the required frequency response 
(pars. 112, 118, and 114). 


110. Noise Factor 


a. General. The quality of an amplifier with 
respect to noise is indicated by its noise factor (or 
fig.y. The noise factor (F,) is determined by 
measuring the ratio of signal-to-noise power (S,/N,) 
at the input of the amplifier and the ratio of signal- 
to-noise power (S,/N,) at the output of the ampli- 
fier. The noise factor is equal to the input signal- 
to-noise ratio divided by the output signal-to- 
noise ratio: 


The smaller the value of this ratio (/'.) the better 
the noise quality of the amplifier. The noise fac- 
tor of an amplifier with a given transistor is af- 
fected mainly by the operating point (b below), 
the resistance of the signal source (¢ below), and 
the frequency of the signal being amplified (d 
below). 


Note. The logarithm of the ratio for noise factor gives 
the noise factor in db. 

b. Operating Point. The operating point is 
established by the zero-signal base or emitter cur- 
rent and the collector voltage. The effect of 
several values of emitter current and collector 
voltage on the noise factor of a typical transistor 
amplifier is shown in figure 105. The curves in- 
dicate that for a given transistor, a low-noise fac- 
tor can be achieved by operating the transistor 
at an emitter current of less than 1 ma, and a 
collector voltage of less than 2 volts. Note that 
increasing the collector voltage (at the higher 
values) increases the noise factor more rapidly 
than increasing the emitter current. 

¢. Signal Source Resistance. The resistance of 
the source feeding the transistor also affects the 
noise factor of an amplifier. The curve in the 
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Figure 105. Chart showing variation of notse factor 
with collector voltage and emitter current. 


illustration (fig. 106) indicates that the noise 
factor for a typical transistor can be kept low 
by using a signal source resistance in the range 
of 100 to 3,000 ohms. 

d. Signal Frequency. Figure 107 shows the 
variation of the noise factor as the frequency is 
increased. At very low frequencies, the noise 
factor is high. As the frequency increases, the 
noise factor improves to approximately 50 kilo- 
cycles and then starts to increase slowly again. 
This curve indicates that low-noise de amplifiers 
are difficult to design. 


111. Input Resistance 


a. Low Input Resistance. If a preamplifier is 
to be fed from a low-resistance signal source, 
either the CB configuration or the CE configura- 
tion may be used. The CB configuration has an 
input impedance which is normally between 30 
and 150 ohms; the CE configuration has an input 
impedance which is normally between 500 and 
1,500 ohms (par. 103). 

b. High Input Resistance. Although it is un- 
desirable to use a high-resistance signal source 
because of the large noise factor (par. 110e), it 
becomes necessary if a device such as a crystal 
pickup head is used. A high-input resistance pre- 
amplifier is also required. Three circuits may 
be used to obtain a high input resistance (7in) 


113 


NOISE FACTOR Fo, DB 


SIGNAL SOURCE RESISTANCE (OHMS) 


TM690-137 


Figure 106. Chart showing variation of noise factor with signal source resistance. 


without using a transformer. They are the CC 
configuration (A, fig. 108), the CZ configuration 
with series input resistance (R.) (B, fig. 108) and 
the degenerated (negative feedback) CZ configu- 
ration (C, fig. 108). 


NOISE FACTOR Fo,08 


(1) CC configuration. The input resistance 


to the CC configuration is high (fig. 100) 
because of the large negative voltage 
feedback in the base-emitter circuit (A, 
fig. 108). As the input voltage rises, the 
opposing voltage developed across resis- 
tor R, substantially reduces the net: volt- 
age across the base-emitter junction. By 
this action, the current drawn from the 
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Figure 107. Chart showing variation of noise factor 
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with frequency. 


(2) 


signal source remains low. By Ohm’s 
law it is known that a low current drawn 
by a relatively high voltage represents a 
high resistance. If a load resistance 
(21) of 500 ohms is used, the input re- 
sistance of a typical transistor will be 
over 20,000 ohms. The disadvantage of 
the @C configuration, however, is that 
small variations in the current drawn by 
the following stage cause large changes 
in the input resistance value. 

CE configuration with series resistors. 
The base-emitter resistance (represented 
by 7; in B, fig. 108) for a typical transis- 
tor is about 2,000 ohms if a load resistance 
(Bz) of 500 ohms is used (fig. 100). To 
achieve a total input resistance (rin) of 
20,000 ohms, a resistor (2) of 18,000 
ohms can be placed in series with the base- 
emitter resistance (7:). This circuit has 
an advantage over the CC configuration 
((1) above), in that the total input re- 
sistance, determined mainly by resistor 
R,, remains relatively constant even with 
large variations in transistor parameters 
or current drain by the following stage. 
The disadvantage of this circuit, in addi- 
tion to a small loss in current gain, is the 
large resistance in the base lead. This 
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Figure 108. Three amplifier circuit orrangements for 
producing a high input resistance. 


resistance leads to poor bias stability if 
the bias voltage is fed to the transistor 
through this resistor. 

(3) Degenerated CE configuration. If an 
unbypassed resistor (#z) is inserted in 
the emitter lead of a CZ configuration 
(C, fig. 108), the signal voltage developed 
across this resistor opposes the input sig- 
nal voltage. As in the case of the CC 
configuration ((1) above), this negative 
feedback voltage or degenerative voltage, 
causes an increase in the input resistance. 
Without the unbypassed resistor in the 
emitter lead the input resistance of the 
CE configuration would be 2,000 ohms 
((2) above), if a load resistor (#1) of 
500 ohms were used. With an unby- 
passed resistor (2x) of 500 ohms and a 
load resistor (21) of 500 ohms, the input 


resistance (7in) of the degenerated CE’ 
configuration with a typical transistor is 
20,000 ohms. The degenerated CE’ con- 
figuration is equal to the CZ configura- 
tion with the series resistor ((2) above). 
However, the advantage of the degener- 
ated CE configuration is that the un- 
bypassed resistor (#z) also acts as an 
emitter swamping resistor and helps to 
bias stabilize the transistor. 


112. Two-Stage Direct-Coupled Preampli- 
fier, Low-Frequency Compensation 

a. Figure 109 shows a typical two-stage, direct- 
coupled preamplifier. The circuit is designed to 
compensate for the poor low-freqnency output of 
the transducer, microphone M1. 

(1) By directly coupling the transistor Ql 
output to the transistor Q2 input, use 
of a coupling capacitor is avoided. A 
coupling capacitor would attenuate the 
low frequencies. 

(2) Capacitor C2 and resistor R3 form a 
low-pass filter. The high frequencies are 
partially shunted to ground (attenu- 
ated). Note that transistor Q2 is a 
degenerated CE stage (par. 111). The 
degenerated stage (using resistor R4 for 
negative feedback) has a very high input 
impedance (approximately 30,000 ohms). 
By using a high input impedance, a rela- 
tively low valued capacitor (C2, 0.2 pf) 
is sufficient to shunt the high frequencies 
to ground. 

b. The collector voltage and the emitter current 
of transistor Q1 are kept very low to reduce the 
noise factor (par. 1106). With the signal am- 
plified by the first stage, the emitter current and 
the collector voltage of the second stage can be 
increased as shown without increasing the noise 
factor. 

ce. Transformer T1 couples the output of micro- 
phone M1 to the base of transistor Ql. Tran- 
sistor Q1 amplifies the signal. Resistor R1 is the 
emitter swamping resistor. Capacitor C1 by- 
passes the ac signal around resistor R1. Collector 
load resistor R2 develops the output signal. Ca- 
pacitor C2 and resistor R8 constitute a low-pass 
filter. The signal is amplified by transistor Q2. 
Resistor R4 produces negative feedback. Resistor 
RS is the emitter swamping resistor. Capacitor 
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Figure 109. Typical two-stage direct-coupled preamplifier, providing low-frequency 
compensation for transducer. 


C8 bypasses the ac signal around resistor R5. 
Collector load resistor R6 develops the output 
signal. 


113. Three-Stage, RC-Coupled Preamplifier, 
Low-Frequency Compensation 


a. General. The preamplifier shown in figure 
110 is designed to compensate for the poor low- 
frequency output of a transducer. This is done 
by using two low-pass (high-frequency attenuat- 
ing) networks. The first network (capacitor C3 
and resistor R4) shunts the input of transistor 
Q2; the second network (capacitor C6 and re- 
sistor R8) shunts the input of transistor Q3. 
Transistors Q2 and Q3 are used in CE configura- 
tions; the input of each is approximately 1,000 
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ohms. Because of the low input impedance, each 
low-pass network must use a large capacitance 
(1-2 pf) and a low resistance (500-300 ohms) 
to partially shunt the high frequencies around the 
low input impedance of each stage. Compare the 
values used in these networks with those used in 
the comparable network (capacitor C2 and re- 
sistor R3, fig. 109). In the latter case, the high 
impedance of the CE degenerated stage permits 
the use of a smaller capacitance (C2, 0.2 uf) and 
a higher resistance (R38, 1,000 ohms). 
b. Circuit Description. 
(1) The first stage (transistor Q1) is a de- 
generated CE configuration. Negative 
feedback is provided by resistor Ri. The 
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Typical three-stage, RC-coupled preamplifier with low-frequency compensation. 


(2) 


(3) 


input impedance is approximately 55,000 
ohms to accommodate a high-impedance 
transducer. Resistor R2 with resistor R1 
swamps the emitter-base junction resist- 
ance, Collector load resistor R3 develops 
the output signal which is coupled to the 
following stage by de blocking capacitor 
C2. Note the relatively large value of 
capacitor C2 (10 pf); this large value is 
required because of the low input im- 
pedance of the following stage and also 
to prevent the attenuation of the low 
frequencies. 

Capacitor C3 and resistor R4 form a 
high-frequency attenuator. Resistor Rb 
provides a base de return path; its value 
is high to prevent shunting the signal 
current around the base-emitter circuit. 
Resistor R6 is the emitter swamping re- 
sistor. Capacitor C4 bypasses the ac sig- 
nal around resistor R6. Collector load 
resistor RZ develops the output signal. 
De blocking capacitor C5 permits the ac 
signal to be coupled to the following 
stage. 

Capacitor C6 and resistor R8 form a 
high-frequency attenuator. Resistor R9 
provides a base dc return path. Resistor 
R10 is the emitter swamping resistor. 
Capacitor C7 bypasses the ac signal 
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around resistor R10. Collector load re- 
sistor R11 develops the output signal. 


114. Two-Stage, RC-Coupled Preamplifier, 
High-Frequency Compensation 

a. The typical two-stage preamplifier (fig. 111) 
is designed to compensate for poor high-frequency 
output of a transducer connected to its input. 
The equalizer network (in dashed lines) attenu- 
ates the low frequencies more than it does the 
high frequencies. Capacitor C1 is mainly a de 
blocking capacitor, but it will attenuate the lower 
frequencies more readily than the higher fre- 
quencies. Because of its higher reactance at the 
lower frequencies, capacitor C2 bypasses the high 
frequencies around resistor R3, thus permitting 
maximum amplification of the higher frequencies. 
Capacitor C2 can be considered an open circuit at 
low frequencies; the low frequencies must be 
passed through resistor R83 and are therefore 
attenuated. The amount of attenuation experi- 
enced by the low frequencies, depends on the 
relative values of capacitor C2 and resistor R3. 

&. Resistor Rt determines the base-emitter bias 
for transistor Q1. Collector load resistor R2 de- 
velops the output signal of transistor Ql. Ca- 
pacitors Cl and C2 and resistor R3 form an 
equalizing network (a above). Resistor R4 de- 
termines the base-emitter bias for transistor Q2. 
Collector load resistor R5 develops the output 
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Figure 111. Typical two-stage preamplifier, providing high-frequency compensation 
for transducer. 
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Section Itl, COUPLING NETWORKS USING VARIABLE RESISTORS AS VOLUME AND TONE 
CONTROLS 


115. General (ratio of ac power output to de power 


a, Signal coupling between one transistor stage delivered to stage) of the RC-coupled 
and another is accomplished with RC networks amplifier is low. ! 
(A, fig. 112), transformers (B, fig. 112), im- (2) The de blocking capacitor prevents the 
pedance coupling networks (C, fig. 112), and de voltage of the collector of the first 
direct coupling (D, fig. 112). The advantages, stage from appearing on the input ter- 
disadvantages, frequency response, and applica- minal of the second stage. To prevent 
tions of these methods of interstage coupling are a large signal voltage drop across the de 
covered in paragraphs 116 through 119. blocking capacitor, the reactance of the 

b. The current, voltage, and power gains of capacitor must be small compared to the 
transistor stages are usually varied by using input resistance of the following stage 
variable resistors in the coupling networks. The with which it is in series. Since the 
variable resistor is usually referred to as a gain input resistance of the following stage is 
control. At audio frequencies, the gain control low (usually lower than 1,000 ohms), the 
is referred to as a volume control. Coupling net- capacitance value must be high. How- 
works that include volume controls are covered ever, because of the low voltages used, 
in paragraphs 120 through 124. the physical size of the capacitor can be 


kept small. 
116. RC-Coupled Amplifiers (3) The resistance of the de return resistor 
a. The RC network (in dashed lines, A, fig. is usually 7 to 15 times the input re- 
112) used between two transistor stages consist sistance of the second stage. This ratio 
of a collector load resistor (R1) for the first stage, is selected to prevent shunting the signal 
a de blocking capacitor (C1), and a de return current around the input circuit of the 
resistor (R2) for the input element of the second second stage. The upper limit of the 
stage. value of this resistor is dictated by de 
(1) Because of the dissipation of de power bias temperature stabilization considera- 
in the collector load resistor, the efficiency tions (ch. 5). 
eee poo -- 
: 
OE 

ouTPUT | OUTPUT 

INPUT INPUT 
ee 4 A ae eee J 8 


OUTPUT 
INPUT 


TM690-143 


Figure 112. Interstage coupling networks. 
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b. The very low frequencies, a(2) above, are 
attenuated by the coupling capacitor whose re- 
actance increases with low frequencies. The high- 
frequency response of the transistor is limited 
by the shunting effect of the collector-emitter 
capacitance of the first stage and the base-emitter 
capacitance of the second stage. Circuit tech- 
niques that can be used to extend the low-fre- 
quency and the high-frequency response of 
RC-coupled transistors are covered in chapter 9. 

c. RC coupling is used extensively with junc- 
tion transistors. High gain, economy of circuit 
parts, and small size can be achieved with RC 
coupling. By using emitter swamping resistors 
and self-bias (ch. 5), good temperature stability 
can be achieved. RC coupling is used extensively 
in audio amplifiers, such as low-level, low-noise 
preamplifiers up to high-level amplifiers for power 
stages. Use of RC coupling in battery operated 
equipment is usually limited to low power opera- 
tion to limit battery drain. 


117. Transformer-Coupled Amplifiers 

a, Interstage coupling by means of a trans- 
former is shown in B, figure 112. The primary 
winding of transformer T1 (including the ac re- 
flected load from the secondary winding) is the 
collector load impedance of the first stage. The 
secondary winding of transformer T1 introduces 
the ac signal to the base and also acts as the base 
dc return path. 

b. The very low resistance in the base path aids 
temperature stabilization of the dc operating 
point. With a swamping resistor in the emitter 
lead, the current stability factor is ideal (ch. 5). 

c. Because there is no collector load resistor to 
dissipate power, the power efficiency of the trans- 
former-coupled amplifier approaches the theo- 
retical maximum of 50 percent. For this reason, 
the transformer-coupled amplifier is used exten- 
sively in portable equipment where battery power 
is used. 

d. Transformers facilitate the matching of the 
load to the output of the transistor and the source 
to the input of the transistor to bring about 
maximum available power gain in a given stage. 

e. The frequency response of a transformer- 
coupled stage is not as good as that of the 
RC-coupled stage. The shunt reactance of the 
primary winding at low frequencies causes the 


low-frequency response to fall off. At high fre- 
quencies the response is reduced by the collector 
capacitance, and the leakage reactance between 
primary and secondary windings. 

f. In addition to the poor frequency response 
(e above), transformers are more expensive, 
heavier, and larger in size compared to resistors 
and capacitors required for coupling. Use of 
transformers therefore is normally confined to 
those applications requiring high power efficiency 
and high output power. 


118. Impedance-Coupled Amplifier 

a. An impedance-coupled amplifier is one in 
which one or both resistors of an RC-coupled 
amplifier (A, fig. 112) are replaced by inductors. 
A more frequently used arrangement is shown 
in ©, figure 112. In this circuit, the collector 
load resistor is replaced by an inductor. This 
provides high power efficiency since the de power 
loss is eliminated. 

b. The low-frequency response is reduced by the 
shunt reactance of the inductor. The high-fre- 
quency response is reduced by the collector 
capacitance. Unlike the transformer-coupled 
amplifier, the impedance-coupled amplifier suffers 
no loss of high frequencies by leakage reactance. 
The frequency response of the impedance-coupled 
amplifier is better than that of the transformer- 
coupled amplifier, but not as good as that of the 
RC-coupled amplifier. 


119. Direct-Coupled Amplifier 


a. The direct-coupled amplifier (D, fig. 112) 
is used for amplification of dc signals and for 
amplification of very low frequencies. 

}. In the circuit shown, an NPN transistor is 
connected directly to a PNP transistor. The di- 
rection of current flow is shown by the arrows. 
If the collector current of the first stage is larger 
than the base current of the second stage, then 
a collector load resistor (R1) must be connected 
as indicated. 

c. Because so few circuit parts are required in 
the direct-coupled amplifier, maximum economy 
can be achieved. However, the number of stages 
that can be directly coupled is limited. Tempera- 
ture variation of the bias current in one stage is 
amplified by all the stages, causing severe tem- 
perature instability. 
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120. Electron Tube and Transistor Volume 
Controls Compared 


The designation of volume controls as voltage 
dividers or current dividers depends on the rela- 
tive magnitude of the source and load impedances. 

a. Voltage Divider. If the source impedance 
is low compared to the load impedance, the source 
is considered a constant-voltage source and the vol- 
ume control is considered a voltage divider. Inthe 
case of an electron tube (A, fig. 113), the source 
(tube 771 plate) impedance is low compared to the 
load (tube 12 grid-cathode input). In this case 
the volume control (#2) is a voltage divider. In 
most cases, the grid-cathode circuit draws no cur- 
rent. The voltage (ein) that appears between the 
movable arm (connected to grid) and the lower end 
of variable resistor #2 (connected to cathode) con- 
trols the signal current flow in the cathode-plate 
circuit of tube V2. By placing the movable arm 
at the upper or lower end of variable resistor R., 
the signal gain of tube V2 can be varied from max- 
imum (tube V1 output voltage e,—in) to zero 
(€in=0) respectively. 

b. Current Divider. Tf the source impedance 
is high compared to the load impedance, the source 
is considered a constant-current source and the vol- 
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ume control is considered a current divider. In 
the case of a transistor (B, fig. 113), the source 
(transistor @1 collector) impedance is high com- 
pared to the load (transistor Q2 base-emitter) im- 
pedance. In this case the volume control (#2) is 
a current divider. Unlike the electron tube (a 
above), the input circuit of the transistor normally 
draws considerable current. Collector signal out- 
put current 7, divides at the movable arm to supply 
varying amounts of input current (din) to the 
transistor Q2 base-emitter circuit. Since the base- 
emitter junction resistance can be considered negli- 
gible compared to the normal resistance value of 
variable resistor #2, output current 7, is equal to 
input current ¢;, when the variable arm is in the 
upper position. This condition gives maximum 
gain. With the variable arm in the lower posi- 
tion, no signal input current (7,=0) enters tran- 
sistor Q2. This condition gives zero gain. 


121. Volume Control Requirements 


a. Noise. Volume controls should be so ar- 
ranged in a given circuit that the volume control 
introduces no noise or a minimum amount of 
noise. This requirement can be achieved by 
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Figure 113. Volume controls used as voltage. or current dividers. 
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avoiding the flow of heavy de current through 
the volume control (par. 123). 

b. Gain. The volume control and its asso- 
ciated circuit should permit the variation of gain 
from zero to maximum (par. 122). 

c. Frequency. The volume control should be so 
arranged in a given circuit that all frequencies 
are attenuated equally for all positions of the 
variable arm of the control (par. 123). 


122. Unsatisfactory Volume Control Circuits 


Examples of several volume control circuits not 
meeting noise, gain, or frequency requirements 
(par. 121) are discussed below. 

a. Use of variable resistor R1 (A, fig. 114) as 
the collector load and the volume control is unsat- 
isfactory. The heavy dc collector current flowing 
through variable resistor R1 will cause excessive 
noise. 

db. Use of variable resistor 22 (B, fig. 114) asa 
series volume control eliminates de current through 
variable resistor #2, but the arrangement is un- 
satisfactory for two reasons— 

(1) Unless the variable resistor is made in- 
finite in value, the amplifier gain cannot 
be reduced to zero. 

(2) The circuit increases the effective base 
response as more of variable resistor #2 
is used in the circuit. With the variable 
arm at the extreme left (zero resistance) , 
capacitor C1 used alone, will attenuate 
the lower frequencies more than the 
higher frequencies. As the variable arm 
moves to the right (increased resistance 
in circuit) the total coupling impedance 
will be determined mainly by the resist- 
ance. As a result, the relative attenua- 
tion of the high frequencies compared to 
the low frequencies will be greater. This 
action gives the effect of a base boost. 

ce. Use of a degenerative emitter volume control 
(variable resistor #1 in C, fig. 114) is unsatisfac- 
tory for the following reasons: 

(1) Unless variable resistor #1 is made ex- 
tremely large (20,000 to 50,000 ohms) the 
signal cannot b¢ reduced to zero. A re- 
sistance of this value would require a 
very high value of battery (Vaz) 
voltage. 

(2) The heavy emitter current flowing 
through variable resistor #1 causes ex- 
cessive noise. 


(3) The circuit increases the effective base 
response as more of variable resistor R1 
is bypassed by capacitor Cl. This action 
occurs because capacitor Cl becomes 
more effective in bypassing the low fre- 
quencies as the resistance it must bypass 
increases. This results in less degen- 
eration of the low frequencies. 

d. The two-stage amplifier (D, fig. 114) uses 
variable resistor R2 as a volume control. Col- 
lector load resistor R1 develops transistor Q1 
output signal. De blocking capacitor C1 couples 
the signal to variable resistor R2 and the tran- 
sistor Q2 input circuit. Resistors R4 and R38 
form © voltage divider to establish the base bias 
voltage. Resistor R5 is the emitter swamping 
resistor and is ac bypassed by capacitor C2. Col- 
lector load resistor R6 develops the output signal. 
Placement of variable resistor R2 in the circuit 
as shown is unsatisfactory for the reasons stated 
below. 

(1) The base bias voltage is that voltage de- 
veloped across resistor R3. This voltage 
will vary from a maximum to zero de- 
pending on the position of the variable 
arm on variable resistor R2. The voltage 
developed across resistor R3 must cancel 
the opposing ac voltage developed across 
swamping resistor R5 and leave a net 
forward base-emitter bias. This condi- 
tion will not be met with variable re- 
sistor R2 shunting resistor R3. 

(2) The de current flowing through variable 
resistor R3 will cause excessive noise. 

(3) The gain of the low frequencies will vary 
according to the position of the variable 
arm on variable resistor R2. This con- 
dition can be understood by considering 
the base-emitter junction resistance of 
transistor Q2 as negligibly small. With 
this assumption, variable resistor R2 can 
be considered as shunting emitter swamp- 
ing resistor R5. With all of the re- 
sistance of variable resistor R2 in the 
circuit, capacitor C2 effectively bypasses 
the low frequencies around the parallel 
combination of resistor R5 and variable 
resistor R2 to minimize degeneration of 
the low frequencies. As the variable 
arm moves to reduce the portion of vari- 
able resistor R2 in the circuit, capacitor 
C2 becomes less effective as a bypass 
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Figure 114. Unsatisfactory volume control ctreuits. 


capacitor for the low frequencies, caus- 
ing greater degeneration of the low 
frequencies compared to the high fre- 
quencies. 


123. Satisfactory Volume Control Circuit 

a. A large number of satisfactory volume con- 
trol circuits can be designed. These circuits can 
use T, L, or H attenuating pads. <A typical sat- 
isfactory volume control circuit is discussed in 
b below. 

b. The circuit shown in figure 115 avoids the 
unsatisfactory conditions found in the circuit 


shown in D, figure 114. The functions of the 
parts of the two circuits bearing the same ref- 
erence symbols are the same (par. 122d). De 
blocking capacitor C3 has been added to the 
circuit of figure 115. 

(1) Capacitor C8 avoids the variation in 
base bias voltage by de isolating re- 
sistor R2 from resistor R3 (par. 122d 
(1)). The noise factor of the amplifier 
is also improved by preventing dc cur- 
rent flow through the variable resistor 
(par. 122d(2)). 

(2) By connecting the lower end of variable 
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Figure 115, Satisfactory volume controt errcuit. 


resistor R2 to the upper end of resistor 
R5 and capacitor C2, variable resistor 
R2 does not ac shunt resistor R5 and 
capacitor C2. This arrangement avoids 
the deterioration of the low-frequency 
response of the amplifier as the resist- 
ance of variable resistor R2 is reduced 
(par. 122d(3)). 


124. Volume Controls in Transformer 
Coupling 
a, Volume controls used in transformer-coupled 
amplifiers (fig. 116) must meet the requirements 
specified in paragraph 121. The volume control 
circuit should be designed so that a large change 
in reflected impedance is avoided. Such a large 
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Figure 116. Volume control cireutt arrangements used in transformer-coupled amplifiers. 
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change causes an unequal frequency attenuation. 


This condition is more important in transformer- 
coupled amplifiers than in RC coupled amplifiers 
because the impedance reflected to the primary 
circuit, (usually the collector circuit) from the 
secondary circuit (usually the base-emitter cir- 
cuit) is equal to the secondary impedance multi- 
plied by the square of the turns ratio of the 
transformer. A small variation in the secondary 
circuit impedance can cause a very large variation 
in the primary circuit impedance. 

6. An unsatisfactory volume control circuit is 
shown in A, figure 116. Variable resistor R1 is 
made low in value, usually 1,000 ohms, to min- 
imize impedance variations. Transistor Q2 input 
is made less than 1,000 ohms. At zero volume, 
the secondary load impedance consists only of 
variable resistor R1, 1,000 ohms. At full volume, 
the secondary load impedance consists of variable 
resistor R1 in parallel with transistor Q2 input 
resistance; the total resistance is normally about 
800 to 400 ohms. These values multiplied by the 
square of the turns ratio of transformer T1 cause 
extremely large variations in impedance in the 
primary circuit. In addition, the low value of 
variable resistor R1 shunts a large portion of the 
signal current at full volume. 

c. An improvement of the circuit (6 above) 
is shown in B, figure 116. Resistor R2 is placed 
in series with the transistor Q2 input to mini- 
mize impedance variations reflected to the pri- 
mary winding. Usually the value of resistor R2 
is made equal to the transistor Q2 input resist- 
ance. At maximum and zero volume, the second- 
ary impedances are equal. At the midpoint of 
variable resistor R2, the secondary resistance 
rises approximately 25 percent of the value at 
maximum or zero volume. 


d. An ideal arrangement is shown in C, figure 
116. By using mechanically ganged dual varin- 
ble resistors (R1 and R2), the secondary im- 
pedance can be maintained constant at all volume 
control settings. As a larger portion of variable 
resistor R1 is shunted by transistor Q2. input 
impedance to increase volume, a larger portion 
of resistor R2 is inserted in the circuit. This 
action is accomplished by having the variable 
arm of variable resistor R2 move to the right 
(in the diagram) as the variable arm of variable 
resistor Ri moves up. 


125. Tone Controls 

a. Tone control circuits as well as volume con- 
trol circuits (par. 120), may be used as current 
dividers. The tone control permits manual ad- 
justment of the frequency response of an am- 
plifier. 

b. Any fixed low-frequency, or high-frequency, 
compensating network can be changed to a tone 
control circuit by substituting » manually vari- 
able circuit element for one of the fixed circuit 
elements. 

(1) In the circuit of figure 109, capacitor 
C2 and resistor R3 form a low-frequency 
compensating network (par. 112). By 
substituting a variable resistor for re- 
sistor R3, a low-frequency boost tone 
control circuit can be achieved. 

(2) In the circuit of figure 111, capacitors 
C1 and C2 and resistor R3 form a high- 
frequency compensating network (par. 
114). By substituting a variable resistor 
for resistor R3, a treble (high-fre- 
quency) boost tone control circuit can 
be achieved. 


Section IV. PHASE INVERTERS USED AS DRIVER STAGES 


126. General 


a. In an equipment, driver stages are located 
immediately before the power output stage. 
Most power output stages are push-pull stages 
that require two input signals, each 180° out of 
phase with the other. The phase requirement 
for the push-pull stage can be accomplished by 
using a tapped-secondary transformer between 
a single-ended driver stage and the output stage. 
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For economy purposes and for better frequency 
response, transformer coupling (par. 117) may 
not be desirable. RC coupling normally is more 
economical and gives better frequency response. 
b. If RC coupling is used between the driver 
stage and a push-pull stage, the driver stage 
must provide phase inversion to produce two 
signals 180° out of phase. Phase inverters may 
use one stage (one transistor) (par. 127) or two 
stages (two transistors) (pars. 128 and 129). 


127. One-Stage Phase Inverters 


a, Figure 117 shows a split-load phase inverter 
(transistor Q1) feeding a push-pull output stage 
(transistors Q2 and Q3). 

(1) Transistor Q1 output current flows 
through collector load resistor R3 and 
emitter load resistor R2. Resistors R2 
and R38 are equal in value. Resistor R1 
establishes the base bias voltage. 

(2) When the input signal aids the forward 
bias (base becomes more negative), the 
output current (/,) increases. The in- 
creased output current causes the top 
side of resistor 23 to become more pos?- 
tive with respect to ground, and the top 
side of resistor R2 to become more nega- 
tive with respect to ground. When the 
input signal opposes the forward bias, 
the output current decreases and causes 
voltage polarities across resistors #3 and 
R2 opposite to those indicated. This ac- 
tion produces two output signals that are 
reversed 180° with respect to each other. 
The signal developed across resistor #3 
is coupled to the input circuit of transis- 
tor Q2 through de blocking capacitor C1. 
The signal developed across resistor 22 
is coupled to the input circuit of transis- 
tor @3 through dc blocking capacitor C2. 

(8) In this circuit, equal voltage outputs are 
obtained by making resistor #2 equal in 
value to resistor 23. However, an unbal- 
anced impedance results because the col- 


lector output impedance of transistor Q1 
is higher than its emitter output imped- 
ance. Distortion can occur whenever 
strong signal current outputs occur (0 
below). 

6. The circuit in figure 118 is similar to that 
shown in figure 117 (@ above). However, the ad- 
dition of resistor #4 (fig. 118) overcomes the un- 
balanced output impedance (a(3) above). The 
functions of the parts in this circuit are the same 
as the correspondingly referenced parts in the 
unbalanced circuit (@ above). 

(1) The values of resistors R2 and R4 are 
chosen so that the signal source imped- 
ance for transistor Q2 is equal to the sig- 
nal source impedance for transistor Q3. 
This eliminates distortion at strong sig- 
nal current values. 

(2) The signal voltage loss across resistor 
R4 is compensated by making resistor 
R2 higher in value than resistor R3. 

¢. Because of the large negative feedback volt- 
age developed across resistor R2, a large signal 
input is required to drive the one-stage phase 
inverter. This disadvantage can be overcome by 
using two-stage phase inverters (pars. 128 and 
129). In addition, a two-stage phase inverter 
provides more power output than a one-stage 
phase inverter. This advantage is important if 
the driver stage must feed a large amount of 
power to a high-level push-pull power output 
stage. 
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Figure i117. One-stage phase inverter. 
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Figure 118. One-stage phase inverter with equalized output impedance. 


128. Two-Stage Phase Inverter, CE and CB 
Configurations 


Figure 119 shows a two-stage phase inverter 
using one CE configuration (transistor Q1) and 
one CB configuration (transistor Q2), feeding a 
push-pull output stage (transistors Q3 and Q4). 

a. Resistor R1 establishes the base bias on 
transistor Q1 (par. 79¢). Collector load resistor 
R4 develops the output signal of transistor Ql. 
De blocking capacitor C2 couples the output of 
transistor Q1 to the base of transistor Q3. Emit- 
ter load resistor R2 develops a small signal to 
feed transistor Q2. Capacitor C1 places the base 
of transistor Q2 at ac ground potential. Resistor 
R3 establishes the base bias voltage for transistor 
Q2. Collector load resistor R5 develops the out- 
put signal of transistor Q2. De blocking capaci- 
tor C3 couples the output of transistor Q2 to the 
base of transistor Q4. 

b. Two signals reversed 180° in phase are ob- 
tained from the phase inverter. Assume that an 
input signal causes the base of transistor Q1 to 
go negative. Because of the 180° phase reversal 
of the signal in a CE configuration (ch. 3), the 
top side of collector load resistor R4 goes posi- 
tive, The same signal current that causes the 
top side of resistor R4 to go positive, flows 
through resistor R2 and causes the top side of 
resistor R2 to go negative; that is, the emitter 
potential follows the base potential. Since there 
is no phase reversal of the signal through a CB 
configuration (ch. 3), the end of collector load 
resistor R5 that is connected to the collector goes 
negative with the emitter. Thus capacitor C2 
couples a positive-going signal into the transistor 
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Q3 base while capacitor C3 couples a negutive- 
going signal into the transistor Q4 base to 
achieve the 180° phase reversal required. If the 
incoming signal at the transistor Q1 base were 
going positive, all polarities indicated would be 
reversed. 

c. Although there is some negative feedback at 
the input of transistor Q1 caused by resistor R2, 
the input resistance to transistor Q1 remains low 
because resistor R2 is shunted by the low re- 
sistance of the transistor Q2 input circuit. 


129. Two-Stage Phase Inverter, CE 
Configurations 


a. Figure 120 shows a two-stage phase inverter 
consisting of two identical CE configurations. 
The application of this circuit is identical with 
that in paragraph 128. 

(1) Two signals, 180° reversed in phase, are 
obtained from the phase inverter. As- 
sume that an input signal drives the base 
of transistor Q1 negative. Because of 
the 180° phase reversal in the CE con- 
figuration, the transistor Q1 collector 
goes positive. One portion of this posi- 
tive signal is coupled to the base of 
transistor Q2 through de blocking ca- 
capitor C2 and attenuating resistor R4. 
The other portion of the positive signal 
is completed through de blocking ca- 
pacitor C4 to one input circuit of a 
push-pull output stage. The positive- 
going signal on the base of transistor 
Q2 causes a negative-going signal at the 
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Figure 119. Two-stage phase inverter using a CH and a CB configuration. 


collector of transistor Q2. This negative 
signal is coupled through dc blocking 
capacitor C5 to the other input circuit of 
a push-pull output stage. 

Resistor R1 provides base bias for tran- 
sistor Q1. Collector load resistor R3 
develops transistor Q1 output signal. 
Resistor R2 is the emitter swamping re- 
sistor and is ac bypassed by capacitor 
C1. Resistor R5 provides base bias for 
transistor Q2. Collector load resistor R6 


develops transistor Q2 output signal. 
Resistor R7 is the emitter swamping re- 
sistor and is ac bypassed by capacitor 
C3. 

b. Since two identical CE configurations are 
used, the source impedances are equal for the two 
input circuits of the push-pull output stage. In 
addition, the amount of power that can be de- 
livered by the two-stage phase inverter is much 
greater than that of the split-load phase inverter 
(par. 127). 


+ c4 


—. 


OUTPUT 


= TM630-150 


Figure 120. Two-stage phase inverter using two CE configurations. 
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Section V. POWER AMPLIFIERS 


130. General 


a. Single ended and push-pull class A power 
amplifiers are used in equipments in which large 
power outputs are not required and high power 
efficiency is not a dominating factor. These am- 
plifiers are used mainly in applications requiring 
minimum distortion. 

b. Class B push-pull power amplifiers are used 
mainly in equipments requiring high power out- 
put and high power efficiency. The theory of 
operation of class B push-pull power amplifiers 
employing two similar type (two PNP or two 
NPN) transistors is discussed in paragraphs 131 
through 133. 


131. Class B, Push-Pull, Zero Bias Amplifier 


a. Figure 121 shows a simplified circuit of a 
class B amplifier. The emitter-base junctions are 
zero biased. In this circuit each transistor con- 
ducts on alternate half cycles of the input signal. 
The output signal is combined in the secondary 
of the output transformer. Maximum efficiency 
is obtained even during idling (no input signal) 
periods, because neither transistor conducts dur- 
ing this period. 

b. An indication of the output current wave- 
form for a given signal current input can be 
obtained by considering the dynamic transfer 
characteristic (par. 101) for the amplifier. It is 
assumed that the two transistors have identical 
dynamic transfer characteristics. This character- 
istic, for one of the transistors, is shown in A, 
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Figure 121. Class B, push-pull amplifier with zero 
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figure 122. The variations in output (collector) 
current is plotted against input (base) current 
under load conditions. Since two transistors are 
used, the overall dynamic transfer characteristic 
for the push-pull amplifier is obtained by placing 
two of the curves (A, fig. 122) back-to-back. The 
two curves are shown back-to-back and combined 
(B, fig. 122). Note that the zero line of each 
curve is lined up vertically to reflect the zero 
bias current. In C, figure 122, points on the 
input base current (a sine wave) are projected 
onto the dynamic transfer characteristic curve. 
The corresponding points are determined and 
projected as indicated to form the output collector 
current. waveform. Note that severe distortion 
occurs at the crossover points; that is, at the 
points where the signal passes through zero value. 
This is called crossover distortion. This type of 
distortion becomes more severe with low signal 
input currents. Crossover distortion can be elim- 
inated by using a small forward bias on both 
transistors of the push-pull amplifier (par. 132). 


132. Class B, Push-Pull, Low Bias Amplifier 

a. A class B push-pull amplifier with a small 
forward bias applied to the base-emitter junctions 
is shown in A, figure 124. A voltage divider is 
formed by resistors R2 and R1. The voltage de- 
veloped across resistor R1 supplies the base- 
emitter bias for both transistors. This small 
forward bias eliminates crossover distortion (par. 
131). 

b. A study of the dynamic transfer character- 
istic curve of the amplifier demonstrates the elim- 
ination of crossover distortion. In A, figure 123, 
the dynamic transfer characteristic curve of each 
transistor is placed back-to-back for zero base 
current bias conditions. The two curves are 
back-to-back and not combined. The dashed lines 
indicate the base current values when forward 
bias is applied to obtain the overall dynamic 
characteristic curve of the amplifier. With for- 
ward bias applied, the separate curve of each 
transistor must be placed back-to-back and alined 
at the base bias current line (dashed line). The 
zero base current lines (solid lines) are offset 
(B, fig. 123). In C, figure 123, points on the 
input base current (a sine wave) are projected 
onto the dynamic transfer characteristic curve. 
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Figure 122. Dynamic transfer characteristic curves of class B, push-pull amplifier with 
zero bias, showing input and output current waveforms. 
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Figure 128. Dynamic transfer characteristic curves of class B, push-pull amplifier with 
small forward bias, showing input and output current waveforms. 


The corresponding points are determined and 
projected as indicated to form the output col- 
lector current waveform. Compare this output 
current waveform with that shown in C, figure 
122. Note that crossover distortion does not oc- 
cur when a small forward bias is applied. 
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c. In the voltage divider (A, fig. 124), electron 
current flow from the battery is in the direction 
of the arrow. This current establishes the in- 
dicated polarity across resistor R1 to furnish 
the required small forward bias (4 above). Note 
that no bypass capacitor is used across resistor 


INPUT } i OUTPUT 


Ie 


8 
TMES0-154 


Figure 124. Class B, push-pull amplifiers with small 
bias voltage applied. 


Ri. If a bypass capacitor were used (B, fig. 
194), the capacitor would charge (solid-line ar- 
row) through the base-emitter junction of the 
conducting transistor (during the presence of a 
signal), and discharge (dashed-line arrow) 
through resistor Rl. The discharge current 
through resistor R1 would develop a de voltage 
with the polarity indicated. This is a reverse 
bias polarity that could drive the amplifier into 
class C operation with the resultant distortion 
even more severe than crossover distortion. The 
capacitor must not be used. 


133. Class B Push-Pull Amplifier, Capaci- 
tance-Diode Coupling 


a. RC coupling to the input of a class B push- 
pull amplifier causes rectification that can reverse 
bias the amplifier (A, fig. 125). In the class B 
push-pull amplifier, one transistor conducts for 
one-half cycle of the input signal while the other 
transistor remains nonconducting (except for a 
small forward bias that eliminates crossover 


distortion (par. 1382)). Assume that the input 
signal causes transistor Q1 to conduct. Electrons 
(solid-line arrows) leave the right hand plate of 
coupling capacitor C1, enter the transistor Q1 
base-emitter junction, flow to the emitter ground 
connection, through ground to the junction of 
resistor R1 and resistor R2, through resistor R1 
to the left hand plate. Resistor R1 represents 
the output resistance of the previous amplifier. 
The charging of capacitor C1 occurs rapidly, be- 
cause of the low-resistance path. Capacitor C1 
cannot discharge through the transistor Q1 emit- 
ter-base junction; for practical purpose, the 
junction represents an open circuit to electron 
flow from emitter to base. Electrons on the left 
hand plate of capacitor C1 must flow through 
resistor R1, through ground to the ground con- 
nection at the emitter lead, through resistors R6 
and R8 to the right hand plate. The discharge 
path is shown by the dashed-line arrows. Ca- 
pacitor C1 discharges slowly because it must dis- 
charge through resistor R38. Normally resistor 
R83 is made large to avoid shunting signal cur- 
rent around the transistor Ql base-emitter junc- 
tion. The discharge current through resistor R3 
develops a reverse-bias voltage with the polarity 
indicated. The reverse bias can cause class C 
operation with resultant severe distortion of the 
signal. The discharge current flowing through 
resistor R6 does not result in a reverse bias be- 
cause the battery current flowing in the opposite 
direction maintains a forward bias. 

d. The advantages of RC coupling (economy 
and better frequency response) can be retained 
by replacing resistor R3 with a diode (B, fig. 
125). Diode CR1 is reverse biased and acts as 
a high-valued resistance when the input signal 
causes the transistor Ql emitter-base junction to 
conduct. This prevents the shunting of signal 
current around the emitter-base junction. The 
charge path (solid-line arrows) for capacitor C1 
is the same as that for the circuit shown in A, 
figure 125 (a above). The discharge path is also 
the same, except that resistor R3 has been re- 
placed by diode CR1i which is forward biased 
during the discharge period. Diode CR1, when 
forward biased, exhibits negligible resistance. 
Capacitor C1 discharges rapidly, therefore, and 
reverse bias of the emitter-base junction is avoided. 
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Figure 125. RC-coupled and capacitance-diode coupled class B, push-pull amplifier. 
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Section VI. COMPLEMENTARY SYMMETRY 


134. General 


a, Junction transistors are available as PNP 
(A, fig. 126) and NPN (B, fig. 126) types. The 
direction of electron current flow in the terminal 
leads of the two types of transistors is indicated 
by the arrows. Note that the direction of current 
flow in one terminal lead of one transistor is op- 
posite to that in the corresponding terminal of 
the other transistor. If the two types of tran- 
sistors are connected in a single stage (fig. 127), 
the de electron current path (indicated by ar- 
rows) in the output circuit is completed through 
the collector-emitter junctions of the transistors. 
When connected in this manner, the circuit is 
referred to as a complementary symmetry circuit. 
The theory of operation of this circuit is dis- 
cussed in paragraph 135. 
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Figure 126. De current flow in PNP and NPN 
transistors. 


b. The advantages of complementary symmetry 
circuits are as follows: 

(1) The complementary symmetry circuit 
provides all the advantages of conven- 
tional push-pull amplifiers without the 
need for a phase-inverter driver stage, 
or for a center-tapped input transformer. 

(2) The input coupling capacitor (fig. 127) 
charges through one transistor during 
the positive half cycle of the input signal 
and discharges through the other tran- 
sistor during the negative half cycle of 
the input signal. This action eliminates 
the need for discharge diodes with ca- 
pacitance coupling as is required in 
conventional class B push-pull amplifiers 
(par. 132). 

(3) The parallel connection of the output 
circuit (fig. 127) with respect to the load 
eliminates the need for a tapped-primary 
transformer in the output circuit. 


135. Complementary Symmetry Circuit 

a. Figure 127 shows two transistors in a com- 
plementary symmetry connection. Transistor Q1 
is a PNP transistor and transistor Q2 is an NPN 
transistor. A negative going input signal for- 
ward biases transistor Q1 and causes it to con- 
duct. A positive going input signal forward 
biases transistor Q2 and causes it to conduct. As 
one transistor conducts, the other is nonconduct- 
ing, because the signal that forward biases one 
transistor, reverse biases the other transistor. 

b. The resultant action in the output circuit 
can be understood by considering the circuit of 
figure 128. This is a simplified version of the 
output circuit. The internal emitter-collector 
circuit of transistor Q1 is represented by variable 
resistor R1 and that of transistor Q2 by variable 
resistor R2. 

(1) With no input signal and class B opera- 
tion (zero emitter-base bias), the vari- 
able arms of the variable resistors can be 
considered to be in the OFF positions. 
No current. flows through the transistors 
nor through load resistor R,. As the in- 
coming signal goes positive, transistor Q2 
conducts (@ above) and transistor Q1 
remains nonconducting. Variable re- 
sistor #1 remains in the OFF position. 
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(2) 


The variable arm of resistor #2 moves 
toward point 3 and current passes 
through the series circuit consisting of 
battery Vcc2, resistor A; and variable re- 
sistor #2, The amount of current flow 
depends upon the magnitude of the in- 
coming signal, the variable arm moving 
toward point 3 for increasing forward 
bias and toward point 4 for decreasing 
forward bias. The current flows in the 
direction of the dashed arrow, producing 
a voltage with the indicated polarity. 
When the input signal goes negative, 
transistor Q1 conducts and transistor Q2 
becomes nonconducting. The same ac- 
tion is repeated with variable resistor /71. 
Current flows through battery Vcc, vari- 
able resistor #1, and load resistor #, in 
the direction shown by the solid-line ar- 
row, and produces a voltage across re- 
sistor 2, with the polarity indicated. 

For class A operation, a forward bias is 
applied to the two transistors (fig. 127), 
so that collector current is not cut off at 
any time. In the simplified circuit (fig. 
128), the variable resistors will not be in 
the OFF position at any time. De bias 
current in the output circuit flows out of 
the negative terminal of battery Vcc: into 
the positive terminal of battery Veo, 
through variable resistor #1, variable 
resistor #2, and into the positive terminal 
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Figure 127. Zero bias complementary symmetry circuit. 
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Figure 128. Simplified version of output circuit of 


complementary symmetry circuit. 


of battery Veco No current flows 
through resistor #y. Under these con- 
ditions, the output circuit can be consid- 
ered a balanced bridge, the arms of the 
bridge consisting of resistors #1 and #2 
and batteries Vcc, and Veo. When the 
input signal goes positive, transistor Q2 
conducts more and transistor Q1 conducts 
less. In the simplified circuit, the vari- 
able arm of resistor 21 moves toward 
point 1 and that of resistor #2 moves to- 
ward point 8. This action results in an 
unbalanced bridge and electrons flow 
through resistor A, in the direction of 
the dashed-line arrow, producing a volt- 
age with the indicated polarity. When 
the input signal goes negative, transistor 
@Q1 conducts more and transistor @2 con- 
ducts less. In the simplified circuit, the 
variable arm of resistor #1 moves toward 
point 2 and that of resistor #2 moves 
toward point 4. Again the bridge is un- 
balanced, and electrons flow through re- 


sistor 2, in the direction of the solid-line 
arrow, producing a voltage with the indi- 
cated polarity. 


e. In either class B (4(1) above) or class A 
(0(2) above), de current does not flow through 
the load resistor. Advantage of this property can 
be taken by connecting the voice coil of a loud- 
speaker directly in place of resistor Py. The voice 
coil will not be offset by dc current flow through 
it and thus distortion will not occur. 


136. Additional Complementary Symmetry 
Circuits 

a, Figure 129 shows a common collector comple- 

mentary symmetry circuit to which a small for- 

ward bias has been applied. This circuit is similar 

to that shown in figure 127, except for the volt- 

age divider consisting of resistors 22, #1, and #3 


connected in series across batteries Veo, and Veco. 
The voltage developed across resistor £1, with the 


indicated polarity, provides forward bias for each 
transistor. Resistor 71 is in series with the base- 
emitter junctions of the two transistors. Con- 
sidering the dc resistance of the two junctions as 
being equal to each other, the voltage drop across 
each junction is half of that developed across re- 
sistor 21. Normally the value of resistor 21 is 
very small, so that its unbalancing effect on the 
input signal to transistor Q2 is negligible. 

b. Figure 130 shows a common emitter comple- 
mentary symmetry circuit with transformer input 
and transformer output. The voltage divider con- 


TM690-157 


Figure 129. Forward biased common collector 
complementary symmetry circuit. 


sisting of resistors 23 and 1, establishes the for- 
ward bias on transistor @1. The voltage divider, 
consisting of resistors R4 and 22 establishes the 
forward bias on transistor Q@2. Note that a 
tapped-secondary transformer is not required at 
the input. However, a split primary output trans- 
former (72) must be used; unlike conventional 
push-pull amplifiers, opposite polarity voltages 
are required for the collectors. 
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Figure 130. Complementary symmetry circuit with input and output 
transformer coupling. 
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ec. A, figure 131, shows one common emitter com- 
plementary symmetry stage (transistors Q3 and 
Q4) being directly driven by another common 
emitter complementary symmetry stage (tran- 
sistors Q1 and Q2). The input to transistors 1 
and @2 is from a single-ended stage. When the 
input signal goes positive, transistor Q1 conducts 


and transistor Q@2 remains nonconducting. Be- 
cause of 180° phase reversal in a common emitter 
configuration, the collector of transistor @1 goes 
negative which causes transistor Q3 to conduct and 
the transistor Q8 collector goes positive. When 
the input signal goes negative, transistor @2 con- 
ducts and its collector goes positive. This causes 
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Figure 131. Direct-coupled complementary symmetry stages. 
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transistor @4 to conduct and its collector goes 
negative. Transistors Q1 and Y3 are nonconduct- 
ing during this period. Note that battery Van 
supplies the required biasing voltages for transis- 
tors @1 and @3. Battery Ves. supplies the re- 
quired biasing voltages for transistors Q2 and (4. 
The emitter-base junction of transistor Q3 is in 
series with the collector-emitter circuit of transis- 
tor Q1 and battery Vez:. As a result the emitter 
of transistor Q3 is positive with respect to its base 
(forward bias), and the collector of transistor Ql 
is positive with respect to its emitter as is required 
for electron flow through transistor @1. A similar 
arrangement exists for transistors Q2 and Q4 and 


battery Vex. 

d. A circuit similar in operation to that dis- 
cussed in c above is shown in B, figure 131. In 
this circuit, transistors Q1 and @2 are connected 
to provide a high input resistance. Note that the 
signal voltage developed across resistor Rz pro- 
vides a negative feedback in the input circuit of 
transistors Q1 and Q2 to develop the high input 
resistance. Transistors Q3 and Q4 are connected 
in a common emitter configuration to match the 
output resistance of transistors Q1 and Q2. As 
in the case of single transistor amplifiers, high 
voltage, current, and power gain are obtained with 
the common emitter configuration. 


Section VII. COMPOUND-CONNECTED TRANSISTORS 


137. General 


a. The current gain (par. 54), voltage gain (par. 
55), and power gain (par. 56) of a transistor 
amplifier are directly proportional to the short cir- 
cuit forward current amplification factor. This 
factor is the ratio of the output current to the input 
current measured with the output short circuited 
and is designated a» (common base), aye (common 
emitter), or «ye (common collector). If a of a 
given transistor is high, the ay. and aye will be cor- 
respondingly high; therefore the following discus- 
sion is concerned only with ayo. 

b. To obtain maximum gain in a given amplifier, 
it is necessary to use a transistor having a high- 
valued short circuit forward current amplification 
factor (a;»). Most transistors have an a, ranging 
from 0.940 to 0.985 with the average value of 0.96. 
Regardless of the average value of «;1, this factor 
will decrease as emitter current increases. Figure 
132 shows the variation of collector current (out- 
put) with emitter current (input) for a single 
transistor. The ratio of collector current to 
emitter current remains constant (straight line 
portion) to approximately 400 milliamperes; then 
the collector current increases less rapidly (current 
portion) as the emitter current increases. This in- 
dicates a reduction in the current amplification fac- 
tor at high values of emitter current. This phe- 
nomenon is most pronounced in power amplifiers 
that draw heavy emitter current. 

ec. By compound connecting two transistors (fig. 
183), the dropoff of collector current (or reduc- 
tion in ay) at high emitter currents can be made 
negligible. The theory of operation of com- 


pound-connected transistors is covered in para- 
graph 138. The variation of total collector 
current with input emitter current of compound- 
connected transistors is shown in figure 182. Note 
that total collector current does not drop off as the 
emitter current increases. 


138. Compound Connection 

a. The dashed lines in figure 133 inclose two 
compound-connected transistors. Note that the 
base of one transistor (Q1) is connected to the 
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Figure 182. Variation of collector current with emitter 
current for a single transistor and for compound 
connected transiators. 
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emitter of the other transistor (Q2) and the two 
collectors are connected together. In the circuit 
the transistors are connected in the CB configura- 
tion. The computations (6 below) will show that 
the ay, for the compound-connected transistors 
(ratio of total collector current to input current 
(7z)) is greater than that of a single transistor. 

6. Assume that the short circuit forward cur- 
rent transfer ratio of each transistor is equal to 
0.95; that is, a, (transistor Q1) or «/, (transistor 
Q2) is equal to 0.95. The input current to tran- 
sistor Q1 is designated Zz. 

(1) Since in the CB configuration the col- 
lector current is equal to the emitter cur- 
rent multiplied by the short circuit for- 
ward current transfer amplification 
factor, the collector current (/-1) of tran- 
sistor Q1 is as follows: 


po =aylg=0.95 Iz 


(2) The base current (Jp) of transistor Q1 
equals the emitter current less the col- 
lector current— 


Dor=Tn—0.95 Ig=0.05 Iz 


(3) The base current of transistor Q1 is the 
emitter input current to transistor Q2. 
Transistor @2 collector current then is 
as follows: 


Ta= (0.95) (0.05Iy) =0.0475 Iz 


Note. The base current of transistor Q2 
equals the emitter current (0.05 J) less the 
collector current (0.0475 Ig). Its value is 
0.0025 Zz. The value of base current of tran 
sistor Q2 is not required in the computation of 
@ in the compound connection of the tran- 
sistors. 

(4) The total output current (/,) at point B 
is equal to the sum of the transistor Q1 
collector current ((1) above) and the 
transistor @2 collector current ((3) 
above) thus— 


L=TIn+Ie 
=0.95 Iy+0.0475 I, 
=0.9975 Ip 
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c. The two compound-connected transistors can 
be considered as a single unit having an emitter, 
collector, and base at points A, B, and C respec- 
tively. 

(1) The ratio of output current (0.9975 Zz) 
to input current (/z) is 0.9975. This is 
the short circuit forward current amplifi- 
cation factor for the combination and rep- 
resents a very high ayo, actually an in- 
crease from a single unit having an ays 
of 0.95 to a compound unit having an a,» 
of 0.9975. 

(2) The effectiveness of the compound con- 
nection is better indicated by considering 
the short circuit forward current amplifi- 
cation factor in the CE’ configuration 
(are). By using the conversion formulas 
listed in paragraph 66, it can be shown 
that a transistor having an «;, of 0.95 has 
an are of 19; a transistor (or compound 
connection) having an ap, of 0.9975 ((1) 
above) has an ay, of 399. 

d. Compound-connected transistors in a circuit 
of any configuration can be considered, therefore, 
as a single unit with a high current amplification 
factor. To simplify the computations in the ex- 
ample (b and c above) each transistor selected has 
an a, of 0.95. Actually the advantages of the 
compound connection are not restricted to transis- 
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Figure 183. Current flow in compound-connected 
transistors. 


tors having equal-valued current amplification 
factors. 


139. Compound Connection in Compiemen- 
tary Symmetry 


Compound-connected transistors (par. 138) can 
be used in single ended amplifiers, conventional 
push-pull amplifiers, or in complementary sym- 
metry amplifiers. An example of the latter is 
shown in figure 134. This circuit is similar to 
the complementary symmetry circuit shown in 
figure 129 and discussed in paragraph 136. The 
junction of the correspondingly referenced parts 
is the same. Transistor Q1 (fig. 129) is replaced 
by the compound connection of transistors QlA 
and Q1B (fig. 134); transistor Q2 (fig. 129) is 
replaced by the compound connection of tran- 
sistors Q2A and Q2B (fig. 184). The gain of 
the compound-connected complementary sym- 
metry circuit is greater than that of the com- 
plementary symmetry circuit. 


TM690-16I 
Figure 184. Compound-connected transistors in 
complementary symmetry circuits, 


Section Vill. BRIDGE CONNECTIONS 


140. Basic Bridge Circuit 


a. A basic bridge circuit arrangement is shown 
in A, figure 135. The arms of the bridge, W, X, 
Y, and Z, can be circuit elements such as resistors, 
inductors, capacitors, transistors, or batteries. 
The bridge is said to be balanced when, regardless 
of the voltage applied at points 1 and 2, the voltage 
drops across the bridge arms are such that zero 
voltage occurs across points 3 and 4; that is, no 
current flows through resistor 21. 

b. The arms of the basic bridge circuit can be 
replaced by two transistors (Q1 and @2) and two 
batteries (Vico. and Vccz) as shown in B, figure 35. 
If the two transistors are biased to draw equal or 
no emitter-collector current under quiescent (no 
signal) conditions, the bridge is balanced and no 
current flows through resistor R,. If an input 
signal causes either transistor to conduct more than 
the other, the bridge becomes unbalanced and cur- 
rent flows through resistor 2; Sine wave-input 
signals fed to points A-B and C-B 180° out of 
phase will produce an amplified sine wave signal 
across resistor #,. If the transistors are operated 
class A or class B, no de current will flow through 
resistor 2 Lb 

¢. The advantage of the bridge connection is 
that no de current passes through resistor Fz. 


The resistor can be replaced by a speaker voice 
coil. Dc current through a speaker voice coil off- 
sets the speaker coil and causes distortion. If a 
conventional push-pull amplifier were used, the 
speaker voice coil would have to be center-tapped 
and only half of the coil would be used for each 
half cycle of the output signal. This would lead 
to inefficiency in converting electrical energy into 
sound energy. 


141. Complementary Symmetry Bridge Cir- 
cuit Arrangement 

Figure 136 shows a bridge circuit arrangement 
in which the arms of the bridge are transistors. 
Two transistors (Q1 and Q3) are PNP types, and 
two transistors (@2 and @4) are NPN types. The 
advantage of this circuit is that no part of the 
input circuit or the output circuit need be placed 
at ground potential. Furthermore this circuit 
can be driven by a single-ended driver; that is, 
two signals 180° out of phase are not required. 

a. Assume that under quiescent conditions all 
the transistors are zero biased and draw no 
emitter-collector current (class B operation). If 
the transistors draw no current, there is no com- 
pleted circuit across battery Vcc and no de current 
flows through resistor Px. 
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8B 
TM690-162 
Figure 135. Basie bridge circuit arrangement, and bridge- 
connected transistors. 


(1) Assume that.an input signal causes point 
A to become negative with respect to 
point B. This will cause transistors Q1 
and @4 to become forward biased and 
transistors @3 and @2 to be reverse 
biased. Transistors Q1 and @Q4 will con- 
duct. The electrons will flow out of the 
negative terminal of the battery through 
the transistor @1  collector-emitter, 
through resistor #,, the transistor Q4 
emitter-collector and back to the positive 
terminal of the battery. The path is in- 
dicated by the solid-line arrows. A volt- 
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age is developed across load resistor #1, 
with the polarity indicated. 

(2) If an input signal causes point A to be- 
come positive with respect to point B, 
then transistors Q3 and Q2 conduct while 
transistors Q1 and @4 are nonconducting. 
The electron current path is indicated by 
the dashed-line arrows. <A voltage is de- 
veloped across load resistor #, in the 
polarity indicated. 

d. Assume that under quiescent conditions the 
transistors are biased to draw equal amounts of 
current (class A operation). (The circuits re- 
quired to forward-bias the transistor are not 
pertinent to the discussion and are not shown.) 
Electrons emerge from the negative terminal of 
the battery. One-half of the electron current flows 
through the collector-emitter of transistor Q1 and 
through the emitter-collector of transistor Q2 into 
the positive terminal of the battery. The other 
half of the electron current flows through the 
collector-emitter of transistor Q3 and the emitter- 
collector of transistor @4 back to the positive 
terminal of the battery. The bridge is therefore 
balanced and no current flows through resistor 71. 

(1) Assume that the input signal causes 
point A to become more negative with 
respect to point B. Transistors G1 and 
@4 become more forward biased and 
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Figure 186. Complementary symmetry bridge circuit 
arrangement. 


draw more collector current. Transistors 
@Q2 and @3 become less forward biased 
and draw less collector current. The 
bridge becomes unbalanced. The differ- 
ence in current between transistors Q1 
and @Q2 flows through resistor #, in the 
direction of the solid-line arrow and 
through transistor Q4 into the positive 
terminal of the battery. A voltage is 
developed across resistor A; with the 
polarity indicated. 

(2) If the input signal causes point A to 
become positive with respect to point B, 
transistors @2 and @3 become more for- 
ward biased and draw more collector 
current, Transistors Q1 and @4 become 
less forward biased and draw less col- 
lector current. The difference in current 
between transistors Q3 and @4 flows 
through resistor A, in the direction of 
the dashed-line arrow and develops a 
voltage with the indicated polarity. 

c. As in all cases of class A and class B ampli- 
fiers, bridge-connected class A amplifiers, though 
less efficient than bridge-connected class B am- 
plifiers with respect to power consumption, afford 
léss signal distortion. 


142. Bridge Circuit Connection With Four 
PNP Transistors 


a. Figure 137 shows a four transistor bridge 
circuit using four PNP transistors. The follow- 
ing discussion would apply if four NPN tran- 
sistors were used, except that all voltage polarities 
indicated would have to be reversed. 

b. Basically the operation of this transistor 
bridge circuit is similar to the operation of the 
complementary symmetry bridge-connected circuit 
(fig. 186) discussed in paragraph 141. 

(1) Under quiescent conditions, and class B 
operation, none of the transistors conduct 
and no de current flows through load re- 
sistor FR; (fig. 187). For class A opera- 
tion, at the quiescent point all the tran- 
sistors draw an equal amount of current, 
the bridge is balanced and no current 
flows through load resistor Fx. 

(2) Assume that an incoming signal causes 
the bases of transistors Q1 and @4 to go 
negative (forward bias) and the bases of 
transistors Q3 and @Q2 to go positive (re- 
verse bias). Transistors Q1 and Q4 con- 


duct (class B) or conduct more heavily 
(class A) with electron current flow 
through #,, in the direction of the solid- 
line arrow. The polarity of the voltage 
developed across resistor 7; is in the di- 
rection indicated. Transistors Q3 and 
@2 conduct less current (class A) or re- 
main cut off (class B). 
(3) If the incoming signal reverses in polar- 
ity ((2) above) then transistors Q3 and 
Q2 conduct (class B) or conduct more 
heavily (class A). The direction of cur- 
rent flow through resistor A; is in the 
direction of the dashed-line arrow. The 
polarity of the voltage developed across 
resistor #, is in the direction indicated. 
Transistors @1 and @4 conduct less cur- 
rent (class A) or remain cut off (class B). 
(4) The main disadvantage of this circuit 
is the requirement for a transformer (71) 
with five taps on the secondary winding. 
This is required because transistors Q1 
and @3 are CC configurations (output 
taken from emitter) with high input 
impedances requiring large voltage in- 
put signals. Transistors @2 and Q4 are 
CE configurations (output taken from 
collector) with low input impedances re- 
quiring low input voltage signals for 
emitter-collector current to equal that of 
the CC configuration. This problem did 
not occur in the complementary symmetry 
bridge connected transistors (par. 141) 
because each transistor was operated 
in the CC configuration. 
ce. To overcome the need for a transformer with 
five taps on the secondary to feed a bridge connec- 
tion of four similar transistors, the circuit of fig- 
ure 138 can be used. This circuit is similar to 
that discussed in b above; only the method of driv- 
ing the four transistors is different. The input 
signal is connected to the bases of transistors Q1 
and Q8 only. A portion of the output of transistor 
Q1 is coupled to the base of transistor Q4 through 
current limiting resistor #2. A portion of the 
output of transistor Q3 is coupled to the base of 
transistor Q2 through current limiting resistor 71. 
(1) The quiescent conditions for this circuit 
are the same as those for the circuit 
discussed in 6(1) above. 
(2) Assume that an incoming signal causes 
point A to go negative with respect to 
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Figure 187. Bridge connection of four PNP transistors using separate input signale from 
transformer to each transistor. 


ground and point B to go positive with 
respect to ground. Transistor Q1 con- 
ducts (class B) or conducts more heavily 
(class A). A portion of the output of 
transistor @1 is fed to the base of 
transistor Q4 so that it conducts (class B) 
or conducts more heavily (class A). The 
resultant increase in current through 
transistors Q1 and @4 flows through load 
resistor #, in the direction of the solid- 
line arrow, producing the voltage polar- 
ity indicated. Transistors Q3 and Q4 
remain nonconducting (class B), or 
conduct less. 

If the incoming signal causes point B to 
go negative with respect to ground and 
point A to go positive, transistors Q3 and 
@2 then conduct (class B) or conduct 
more heavily (class A). The roles of 
conducting and nonconducting transis- 


tors are interchanged. Current flows 
through resistor 2; in the direction of 
the dashed-line arrow, developing a volt- 
age with the indicated polarity. 


143. Advantages of Four-Transistor Bridge 
Amplifier 

The advantages of four-transistor bridge am- 
plifiers (pars. 141 and 142) are as follows: 

a. De current does not pass through the load. 
This is important when direct coupling to a 
speaker voice coil. Furthermore the speaker 
voice coil need not be center tapped. 

b. The peak-to-peak output voltage is equal to 
twice the supply voltage less the small voltage 
drops in the conducting transistors. The maxi- 
mum voltage experienced by each transistor is 
always less than the supply voltage. In trans- 
former coupled output stages, this maximum volt- 
age may be twice the supply voltage. 
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Figure 188. Bridge connection of four PNP transistors 
using portions of output of one transistor to feed its 
mating transistor. 


c. A single battery source is required and it 
need not be tapped. 

d. The power that must be dissipated by each 
transistor is half of that dissipated by each tran- 
sistor in a conventional push-pull amplifier. This 
means that the four transistor bridge amplifiers 
can handle twice the power of a conventional 
push-pull amplifier without overheating the 
transistors. 


144. Summary 

a. The noise factor of an amplifier is the quo- 
tient of the signal-to-noise ratio at the input 
of the amplifier divided by the signal-to-noise 
ratio at the output of the amplifier. 

bd. The higher the collector voltage, the higher 
the noise factor of a transistor. 


c. A degenerated CE amplifier (fig. 108) has a 
high input impedance. 

d. Interstage coupling may use transformer, 
RC, impedance, or direct coupling (fig. 183). 

e. Volume controls used in transistor amplifiers 
are considered current dividers (fig. 134). 

f. The volume control should be so placed in 
a circuit that very low, or no de current passes 
through the control. Variation of the control 
must not vary the frequency response of the 
amplifier. 

g. Conventional push-pull amplifiers require a 
center-tapped secondary winding input trans- 
former or @ phase inverter as a driver. 

h. A two-transistor phase inverter (figs. 119 
and 120) compared to a one-transistor phase 
inverter (figs. 117 and 118) can deliver more 
power to the input circuit of the output stage. 

i. Zero-biased, class B, push-pull amplifiers 
(fig. 121) produce crossover distortion (fig. 122). 
The distortion can be eliminated by placing a 
small forward bias on the input circuit (fig. 123). 

j. If capacitance coupling to the input circuit 
of a class B amplifier is used, a discharge diode 
(fig. 125) must be placed in the input circuit to 
prevent reverse biasing of the amplifier. 

k. Complementary symmetry (fig. 127) elim- 
inates the need for a center-tapped secondary in- 
put transformer, a phase-inverter driver, and 
discharge diodes (j above). No dc current flows 
through the load circuit. 

i. Compound-connected transistors (fig. 133) 
produce a high current amplification factor. 

m. Bridge-connected transistors with the bridge 
using two or four transistors (figs. 135, 136, and 
137) have no de current flow through the load 
resistor. 

nm. The peak-to-peak output signal voltage of 
bridge amplifiers using four transistors ap- 
proaches twice the supply voltage. 
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CHAPTER 8 
TUNED AMPLIFIERS 


mr 


Section |. COUPLING NETWORKS 


145. General 

a. The amplifiers treated in this chapter, are 
narrow-band amplifiers; that is, the bandwidth 
of frequencies amplified is a small percentage of 
the center frequency. Wéide-band amplifiers usu- 
ally amplify signals ranging from several cycles 
per second to several megacycles. These ampli- 
fiers are covered in chapter 9. 

b. Tuned amplifiers amplify a selected band- 
width of frequencies and suppress unwanted fre- 
quencies. The selectivity of the amplifier is ac- 
complished with parallel tuned interstage coupling 
networks. The properties of tuned amplifiers 
depend upon the characteristics of resonant cir- 
cuits. Series resonant circuits are rarely used 
because they do not lend themselves to impedance 
transformation as readily as do parallel resonant 
circuits. The important properties of parallel 
resonant circuits are listed in paragraph 146. The 
detailed theory of resonant circuits is covered 
in TM 11-681. 

c. Because the transistor amplifier basically is 
a power amplifier, the interstage coupling net- 
work must be designed to transfer maximum 
power from the output of one stage to the input 
of the following stage. This condition requires 
that minimum power loss be introduced by the 
coupling network, and that the coupling network 
match the output of one stage (usually high re- 
sistance) to the input of the following stage 
(usually low resistance). 


146. Resonant Circuits 

The important properties of parallel resonant 
circuits (fig. 189) are as follows: 

a. The frequency of resonance (/,) is: 
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b. For any given resonant frequency, the prod- 
uct of Z and C isa constant (A, fig. 189). At low 
frequencies the product of Z and C is large, and at 
high frequencies, the product of Z and C is small. 

c. For practical purposes the frequency at reso- 
nance may be considered independent of the resist- 
ance of the circuit. 

d. The @ of a parallel resonant circuit is the 
ratio of the current in the tank (/1 or Ze) to the 
current in the line (7) : 


=F or, 
=F or, 
4 
=X 


Z is total impedance of a parallel resonant circuit 
(tank). 

e. @ is a measure of the selectivity of a circuit 
and varies inversely with the resistance in the cir- 
cuit. The lower the resistance, the higher the Q 
and the greater the difference between voltages at 
the resonant frequency and the voltages at fre- 
quencies off resonance. 

f. The effective limits on the band pass are points 
on the resonance curve that are 0.707 down from 
the maximum. Under these conditions, the band 
pass (A;) is equal to the ratio of the center (reso- 
nant) frequency divided by the loaded (effective) 
@ of the circuit: 

A= 

g. The resonant frequency and the unloaded @ 
of a parallel tuned circuit (B, fig. 189) remain the 
same whether the signal is injected across points 
1 and 8 or points 2 and 3. The input impedance 
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Figure 189. Parallel tuned circuits. 


between points 2 and 3, however, is much smaller 
than the input impedance between points 1 and 3, 
depending on the square of the turns ratio between 
points 1 and 3, and points 2 and 3. For instance, 
if point 2 is at the center tap, the input impedance 
between points 1 and 3 is four times the input im- 
pedance between points 2 and 3. 

h. The resonant frequency and the unloaded @ 
of a tuned circuit (C, fig. 139) remain the same 


whether the signal is injected across points 1 and 
3 or points 2 and 3. The input impedance between 
points 2 and 3, however, is smaller than the input 
impedance between points 1 and 3. 

i. In many applications, a tuned resonant cir- 
cuit (capacitor C, and inductance Z,) in the pri- 
mary of a transformer (D, fig. 189) is coupled to 
the nonresonant secondary of the transformer. 
In this case, if V, represents the number of turns 
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in the primary windings and NV, represents the 
number of turns in the secondary winding, then 
the turns ratio (m) of primary to secondary 
under matched conditions is: 


maNi_, |r 

iN, Vn 
If there is capacitance in the secondary circuit 
(C.), it is reflected (or referred) to the primary 


circuit by transformer action as a capacitance 
(C.). Its value is: 
C= S 
147. Transistor and Coupling Network 
Impedances 

a. The output impedance of a transistor can be 
considered as consisting of a resistance (7) in 
parallel with a capacitance (C.) (A, fig. 140). 
The input impedance of a transistor also can be 
considered as consisting of a resistance (7) in 
parallel with a capacitance (¢). 

b. Normally output capacitance C, and input 


capacitance C, are accounted for by considering 
them part of the coupling network (B, fig. 140). 
Assume that the required capacitance between 
terminals 1 and 2 of the coupling network is cal- 
culated to be 500 pyf. Assume also that capaci- 
tance C, is 10 puf. A capacitor of 490 yuf then 
would be used between terminals 1 and 2 so that 
the total capacitance would be 500 wpf. The same 
technique is used to compensate for capacitance C; 
at terminals 3 and 4. 

c. For maximum transfer of power from tran- 
sistor Q1 to transistor Q@2, the input impedance 
(terminals 1 and 2) to the coupling network must 
equal resistance 7.; the output impedance of the 
coupling network (looking into terminals 3 and 
4), must equal 7;. 


148. Transformer Coupling, Tuned Primary 
a. General. A single-tuned circuit used as a 
coupling network, and using inductive coupling is 
shown in A, figure 141. 
(1) In this circuit, capacitance Cr includes 
transistor Q1 output capacitance (par. 


TRANSISTOR TRANSISTOR 
Ql COUPLING Q2 
OUTPUT NETWORK INPUT 


TRANSISTOR TRANSISTOR 
Qi COUPLING a2 
OUTPUT NETWORK INPUT 
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Figure 140. Equivalent output and input circuits of transistors connected by a coupling 
network. 
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(2) 


147), and transistor Q2 input capacitance 
(referred to the primary of transformer 
Ti). The output of transistor @1 is 
matched to the input of transistor Q2 by 
selecting the proper turns ratio of pri- 
mary and secondary windings for trans- 
former 71. 

If Zp represents the inductive reactance 
between terminals 1 and 2 of transformer 
71, then the resonant frequency (f-) for 
this circuit is: 


1 


hs ILC; 


b. Application. Assume that it is desired to use 
the coupling network of A, figure 141, in an inter- 


mediate 


frequency amplifier using two common- 


emitter configurations. 


(1) 


(2) 


The following data is available: 

Resonant frequency f-=500 ke. 

Frequency bandwidth f= 10 ke. 

Transistor @1 output resistance 7.= 
12,000 ohms. 

Transistor @1 output capacitance C.= 
10 pyf. 

Transistor @2 input resistance 7,=700 
ohms. 

Transistor Q2 input capacitance (',=170 


ppy. 

Coupling network loss=3 db. 

Power response of frequencies at extremes 
of bandwidth (f,+1%4 af)=\% of re- 
sponse at resonant frequency (f,). 

With the data and requirements listed in 

(1) above, calculations (beyond the scope 

of this manual) show that the unloaded @ 

of the tuned circuit (before connecting 
in amplifier) must be 288. The primary 
inductance (Zp )must be 7.7 wh. The sec- 
ondary inductance (Z,) must be 0.45 uh. 

Capacitor Cr must be 13,100 pyf; this 

includes C, of 10 wp, and the effective C; 

referred to the primary which is 10 ppf. 

To construct a transformer with such a 

high @ (288) and a very low inductance 

(Lp=7..7 ph) is very difficult. In prac- 

tice, the problem is solved by using a 

tapped primary winding (B, fig. 141). 

The inductance of the primary can be 

made many times the calculated in- 

ductance. For instance, the inductance 


(Z,-s) between terminals 1 and 3 (B, fig. 
141) can be made 100 times the calculated 
inductance (Zp) for terminals 1 and 2 
(A, fig. 141)— 
L,_,=100 Lp 
=100X7.7 
=770 uh 


‘To maintain the same resonant frequency, 
the capacitance across terminals 1 and 3 
(C1-s) must be 100 times less than the 
calculated capacitance (Cr): 


=131 puf 


To maintain the impedance matching for 
maximum transfer of energy, the induct- 
ance between terminals 2 and 3 of trans- 
former 72 must be equal to the calculated 
inductance (Zp) between terminals 1 and 
2 of transformer 7'1 which in this case is 


TT ph. 


149. Autotransformer Coupling, Tuned 
Primary. 
a. Inductive coupling from the output of one 
transistor to the input of a second transistor can 


Qt 
OUTPUT 


ol 
ouTPUT 


Figure 141. Interstage network using transformer cou- 
pling with tuned primary winding. 
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be accomplished with an autotransformer (A, fig. 
142). The analysis of the operation of this cir- 
cuit is the same as that for the circuit using a 
transformer with separate primary and second- 
ary windings (par. 148). Capacitance Cp in- 
cludes transistor @1 output capacitance and tran- 
sistor @2 input capacitance referred to the pri- 
mary. If Z,5 designates the inductance from 
terminal 1 to terminal 3 of transformer 71, then 
the resonant frequency (/,) of the circuit is: 


1 
© Qa Ly -3On 


The tap at terminal 2 is positioned to provide im- 
pedance matching between the transistors. 

db. If, in some applications, the inductance be- 
tween terminals 1 and 3 is too small to achieve 
the required frequency selectivity (Q.), the total 
primary inductance can be increased many times 
by using the arrangement shown in B, figure 142. 
To maintain the same resonant frequency, C14 
must be reduced by the same factor so that the 
product of Z,., and Cr (A, fig. 142), equals the 
product of Z,., and C,., (B, fig. 142). Impedance 
matching is maintained provided that inductances 
L,, and L;., of transformer 7'2 equal inductances 
L,., and L,., respectively of transformer 7'1. 


jf, 


150. Capacitance Coupling 


a. In many applications, transformer coupling 
(pars. 148 and 149) is not desirable because of 
the small number of turns required in the sec- 


8 
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Figure 142. Interstage network using autotransformer 
coupling with tuned primary winding. 
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ondary winding. Difficulty in obtaining unity 
coupling between primary and secondary is often 
encountered. This problem becomes particularly 
gevere in very-high frequency amplifiers operated 
in the common-base configuration. Such ampli- 
fiers have an input impedance below 75 ohms. In 
such cases, capacitance coupling (A, fig. 148) 
may be used. 

(1) Impedance matching of transistor @1 
output to transistor Q2 input is achieved 
by selecting the proper ratio of (1 to C2. 
Capacitance €2 is normally much larger 
than capacitance (1. Their reactance 
values bear the opposite relationship. 
The total capacitance (Cr) across induc- 


tance Z1 is as follows: 
o,_(CW (C2) 
rv C1+C2 


The resonant frequency is: 


1 
I On LICr 
In many applications (particularly in 
common-base configurations), capacitor 
C2 is not used because the low input re- 
sistance effectively shunts it out of the 
circuit. Then the resonant frequency 
becomes : 


1 


fr Ory L1C1 


(2) If inductance Z1 is too small to achieve 
the required selectivity (Qo), the circuit 
shown in B, figure 148, can be used. The 
inductance can be increased by any factor, 
and the total capacitance (Cr) reduced by 
the same factor to maintain the same 
resonant frequency. To maintain the 
matched condition, the inductance be- 
tween terminals 2 and 3 must be made 
equal to inductance Z1, and the ratio of 
C3 to 04 must equal the ratio of C1 to C2. 

b. Another arrangement using capacitance 
coupling is shown in A, figure 144. The theory 
of operation of this circuit is similar to that of the 
circuit discussed in a above. 

(1) The total capacitance (Cz) in the circuit 
is: 


Ora r+ ee 


In very-high frequency common base am- 
plifiers, C; is effectively shunted by the 
low input resistance, and the total capaci- 
tance Cris: 


In each case the resonant frequency is: 


1 
i= otis 


(2) To achieve a high Q» for selectivity, the 
total inductance can be increased (Cr de- 
creased accordingly), so that the circuit 
arrangement appears as shown in B, fig- 
ure 144. TM690-I75 


Figure 144. Capacitance coupling using two capacitors. 


151. Interstage Coupling, Double-Tuned 


Networks b. Inductive Coupling. The interstage cou- 
a. General. The advantages of double-tuned, pling networks shown in A and B, figure 145, use 
interstage coupling networks (fig. 145) over sin- —_ two tuned circuits inductively coupled. 
gle-tuned networks (pars. 148, 149, and 150) are (1) In A, figure 145, capacitor C1 and the 
as follows: primary winding inductance Z, form a 
(1) The frequency response is flatter within tuned circuit. Capacitor (2 and sec- 
the pass band. ondary winding inductance LZ, also form a 
(2) The drop in response is sharper imme- tuned circuit. Each circuit is tuned to 
diately adjacent to the ends of the pass the same resonant frequency (/,) so that: 
band. 
(3) Attenuation of frequencies not in the pass Peet SEs Se 
band is higher. a QrVL,C1 2eyL, C2 
Note. For detailed theory on the response Impedance matching is obtained by prop- 
of double-tuned networks, refer to TM 11-681. erly selecting the turns ratio of the pri- 


mary and the secondary windings. 
(2) The circuit in B, figure 145, functions in 
the same manner as that discussed in (1) 
OUTPUT above. Tapped primary and secondary 
windings are used to facilitate the attain- 
ment of the desired selectivity (Qo). 

c. Capacitative Coupling. The interstage cou- 
pling networks shown in C and D, figure 145, use 
two capacitance-coupled tuned circuits. 

(1) In C, figure 145, capacitor C1 and coil 
L1 form a resonant circuit. Capacitor 
C3 and coil Z2 also form a resonant cir- 
cuit. Each circuit is tuned to the same 


Qa 


> 


at resonant frequency, so that: 
OUTPUT 
fern een eee ees 
" 2eVT1C1 2nVL2C3 
8 Impedance matching is obtained by 
TMGSO-10% properly selecting the ratio of the reac- 
Figure 148. Capacitance coupling using a aplit capacitor. tance of capacitor (2 to the impedance 
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Figure 146. Coupled amplijiers with RC equalizer network. 


of the input parallel circuit (capacitor 
C3 and coil Z2). 

(2) The circuit in D, figure 145, functions in 
the same manner as that discussed in (1) 
above. Tapped transformers (auto- 
transformers) are used to facilitate the 
attainment of the desired selectivity 
(Qo). 


152. Gain Equalization 

Many applications of tuned amplifiers require 
that the center frequency of the amplifier be va- 
ried over a wide range of frequencies. This is 
done by varying the capacitance or the inductance 


Section Il. NEUTRALIZATION 


153. General 


a. A unilateral electrical device is one which 
transmits energy in one direction only. The tran- 
sistor is not a unilateral device. In the derivation 
of the equivalent circuit of the transistor (ch. 4), 
it was shown that voltage variations in the out- 
put circuit cause voltage variations in the input 
circuit. Specifically, the internal voltage feed- 
back to the input circuit from the output circuit 
was represented by a voltage generator placed in 
the equivalent circuit of the input circuit. In 
each transistor configuration, the feedback volt- 
age aids the input voltage and is therefore a 
positive feedback. If the positive feedback volt- 
age is large enough, the amplifier will oscillate. 
At. low frequencies (audio frequencies), the volt- 
age feedback is low; therefore special precautions 
to prevent oscillation are not usually required. 
High-frequency amplifiers with tuned coupling 
networks are susceptible to oscillations so that 
precautions must be taken (pars. 154~156). 

b. The effect of positive or negative voltage 
feedback on the input circuit of an electrical 
device is to alter its input impedance. Normally, 
both the resistive and the reactive components 


of the associated tuned circuits. Maintaining 
constant gain throughout a wide frequency range 
is difficult because the transistor current ampli- 
fication factor (ore) drops in value at the higher 
frequencies. To compensate for the loss in gain 
at the higher frequencies, an equalizer network 
(fig. 146) resistor (R) and a capacitor (C) in 
parallel may be placed in series with the input of 
one of the amplifiers. This network attenuates 
the low frequencies more than it does the high 
frequencies. At the high frequencies, capacitor Cc 
effectively shunts resistor R. The low frequencies 
are attenuated by the resistor. 


AND UNILATERALIZATION 


of the input impedance are affected. The change 
in the input impedance of a transistor caused 
by the internal feedback, can be eliminated by 
using an external feedback circuit. If the ex- 
ternal feedback circuit cancels both the resis- 
tive and the reactive changes in the input cir- 
cuit, the transistor amplifier is considered to 
be wnilateralized. If the external feedback circuit 
cancels only the reactive changes in the input 
circuit, the transistor amplifier is considered to 
be neutralized. Actually, neutralization is a spe- 
cial case of unilateralization. In either case, the 
external feedback circuit prevents oscillation in 
the amplifier. 


154. Common-Base Amplifier, Unilateralized 

a. A, figure 147, shows a tuned common-base 
amplifier. The dc biasing circuits are not shown. 
Transformer T1 couples the input signal to the 
amplifier. Capacitor C1 and the transformer T1 
secondary winding form a parallel resonant cir- 
cuit. Transformer T2 couples the output of the 
amplifier to the following stage. Capacitor C2 
and the transformer T2 primary winding form a 
parallel resonant circuit. 
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Figure 147%. Common-base amplifier showing internal feedback elements and external 
unilateralizing circuit. 


6. The internal elements of the transistor that 7 represents the resistance of the base- 
may cause sufficient feedback and oscillation are collector junction. This resistance is 
shown in dashed lines (B, fig. 147). very high in value because of the reverse 

(1) Resistor 7’, represents the resistance of bias on the base-collector junction. At 
the bulk material of the base and is re- very-high frequencies, capacitor Con ef- 
ferred to as the base-spreading resistance. fectively shunts resistor 7c. 

Capacitor Ces represents the capacitance (2) Assume that the incoming signal aids the 
of the base-collector junction. Resistor forward bias (causes the emitter to go 
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more positive with respect to the base). 
Collector current i, increases in the direc- 
tion shown. A portion of the collector 
current passes through capacitor Cor 
through resistor 7’, in the direction 
shown, producing a voltage with the indi- 
cated polarity. The voltage across resis- 
tor 7’, aids the incoming signal and there- 
fore represents a positive feedback that 
may cause oscillation. 

c. To overcome the possibility of oscillation, the 
external circuit (consisting of resistors 2y, and 
Ry and capacitor Cy) can be added to the circuit 
(C, fig. 147). 

(1) Resistors Ry, and fy, and capacitor Cy 
correspond to resistors 7’, and 7, and ca- 
pacitor Cos respectively. The need for 
resistor Ry. depends on the frequency 
being amplified ; the higher the frequency, 
the less the need for resistor Ryo. 

When the incoming signal aids the for- 
ward bias (6(2) above), the collector cur- 
rent increases. A portion of the collector 
current passes through capacitor Cc 
through resistor 7’», in the direction 
shown, producing a voltage with the indi- 
cated polarity. A portion of the collec- 
tor current also passes through capacitor 
Cy through resistor Ry,, producing a 
voltage with the indicated polarity. The 
voltages produced across resistors 7’, and 
Ry, are opposing voltages. If the volt- 
ages are equal, no positive or negative 
feedback from output circuit to input cir- 


(2) 


wig 


cuit occurs. The amplifier is considered 
to be unilateralized. 


155. Common-Emitter Amplifier, Partial 


Emitter Degeneration 


a. A common-emitter amplifier using partial 
emitter degeneration to unilateralize the amplifier 
is shown in figure 148. Capacitor Cy and resistors 
Ry, and Ry, form a umilateralizing network. 
Transformer 71 couples the input signal to the 
base-emitter circuit. Resistor 21 forward biases 
the base-emitter circuit. Capacitor C1 prevents 
shorting of base bias voltage by the transformer 
T1 secondary. Transformer 72 couples the out- 
put signal to the following stage. Capacitor C2 
and the transformer 72 primary winding form a 
parallel resonant circuit. Capacitor C3 blocks 
battery de voltage from resistor Ry, and couples 
a portion of the collector current (éez) to the emit- 
ter. Inductor Z1, an rf choke, prevents ac shorting 
to ground of resistor #y, through capacitor (3. 

b. When the input signal aids the forward bias, 
collector current i, increases in the direction 
shown. Internally, a portion of the collector cur- 
rent is coupled to the base-spreading resistance 
through the collector-base junction capacitance 
(par. 154b(1)). The voltage developed across 
the base-spreading resistance aids the incoming 
signal and constitutes a positive feedback. To 
offset the positive feedback, a portion of the col- 
lector current (én) is directed through resistor 
Ry, and the parallel combination of capacitor Cy 
and resistor Ry» The voltage developed across 
resistor Ry, is a degenerating voltage equal and 
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Figure 148. Common-emitter amplifier with partial emitter degeneration. 
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opposite to that developed across base-spreading 
resistance. The net voltage feedback to the input 
circuit is zero, and the amplifier is thus unilateral- 
ized. The values of capacitor Cy and resistors Pyi 
and Ay, depend on the internal values of the 
collector-base junction capacitance, the base- 
spreading resistance, and the collector resistance, 
respectively. 


156. Common-Emitter Amplifier, Bridge Uni- 
lateralization 

a. A, figure 149, shows a common-emitier am- 

plifier that is unilateralized by using transformer 

72 winding 2~3 and the network consisting of 

resistor Ry and capacitor Cy. Transformer 71 

couples the input signal to the base-emitter circuit. 


INPUT 3 


Gl 


Transformer 72 winding 1-2 couples the output 
signal to the following stage. Resistor #1 for- 
ward biases the transistor. Capacitor C1 prevents 
shorting of the base bias voltage by the trans- 
former 7'1 secondary. Capacitor C2 bypasses the 
collector battery and places terminal 2 of trans- 
former 72 at ac ground potential. Capacitor C8 
tunes the primary of transformer 72. 

6. The operation of this circuit can be demon- 
strated by showing the bridge arrangement 
formed by the transistor internal feedback ele- 
ments and the external unilateralizing network 
(B, fig. 149). 

(1) This bridge does not involve transformer 
T1, capacitors C1, C2, and C3, resistor 


T2 
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Figure 149. Common-emitter amplifier, using bridge arrangement to prevent oscillation. 
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Fl, the transformer 72 secondary, and 
the collector battery. 

(2) Points B, C, and & on the bridge repre- 
sent ‘the base, collector, and emitter ter- 
minals, respectively, of the transistor. 
The parts shown in dashed lines are the 
transistor internal feedback elements 
(par. 154). Points marked 1, 2, and 3 
correspond to the terminals of the trans- 
former 72 primary. The voltage devel- 
oped across terminals 1 and 3 of trans- 
former 72 is represented by a voltage 
generator with output voltage 71-s. 

(3) When the bridge is balanced, no part of 
voltage v:-, appears bet ween points B and 


FE. The amplifier is considered to be 
unilateralized (par. 153). The bridge is 
balanced when the ratio of the voltages 
between points B and C and points B and 
8 equals the ratio of the voltages between 
points C and £ and points £ and 3. In 
addition, the phase shift introduced by 
the network between points B and C must 
equal the phase shift introduced by the 
network between points B and 3. 

(4) In many applications, use of capacitor 
Cy is sufficient to prevent oscillations in 
the amplifier; then resistor Ay is not used. 
Under these conditions, the amplifier is 
neutralized. 


Section Ill. AUTOMATIC GAIN CONTROL 


157. General 


a. Tuned amplifiers are used extensively in 
radio and television receivers as rf and if ampli- 
fiers. In these applications, it is often desired 
to automatically vary the gain of the amplifier 
in accordance with the strength of the rf signal 
carrier received at the antenna. That is, lower 
gain is required for strong signals and higher 
gain is required for weak signals. One com- 
ponent of thé output of a second detector of a 
receiver is a de current and voltage that is di- 
rectly proportional to the strength of the rf 
signal carrier received. It is this de component 
that can be used to vary the gain of the tuned 
amplifier. 

Note: For detailed theory on the operation of second 
detectors, refer to TM 11-662. Transistor detector cir- 
cuits are discussed in chapter 12. 

b. One method of varying the gain of a tran- 
sistor amplifier is to vary the dc emitter current. 
The variation of power gain with dec emitter 
current of a common-base amplifier and a com- 
mon-emitter amplifier is shown in A, figure 150. 
The curves shown are those of 455-ke amplifiers 
operated with a fixed collector voltage of 4 volts. 
Another method of varying the gain of a tran- 
sistor amplifier is to vary the de collector voltage. 


The variation of power gain with de collector | 


voltage of a common-base amplifier and a com- 
mon-emitter amplifier is shown in B, figure 150. 
The curves shown are those of 455-kc amplifiers 
operated with a fixed emitter current of 1 ma. 
Circuits using these methods of automatic gain 


control (age) are discussed in paragraphs 158 
and 159. 


158. Automatic Control of Emitter Current 
or Collector Voltage 


a. De Emitter Current Control. The power 
gain of the common-emitter amplifier (A, fig. 
151) is controlled by feeding the age voltage to 
the base of the amplifier to vary the de emitter 
current. 

(1) In this case, the tuned amplifier is also 
operating as a de amplifier to increase 
the de current output of the second de- 
tector. If the de current output of the 
second detector is sufficiently large, the 
de emitter current of the tuned amplifier 
may be varied directly. 

(2) In the circuit shown, resistors R1 and 
R4 form a voltage divider and establish 
the no-signal negative (forward) bias on 
the base. The age voltage input from 
the second detector is positive with re- 
spect to ground and is fed to the base 
through dropping resistor R2. When the 
de output of the second detector in- 
creases (due to a high carrier signal in- 
put to the detector), the positive de 
voltage fed to the base of transistor Ql 
through dropping resistor R2 reduces the 
net negative (forward) bias on the base 
and decreases the emitter current. The 
gain of the amplifier is also decreased 
(par. 1575). When the de output of 
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Figure 150. Variation of power gain with de emitter 


(3 


b. De Collector Voltage Control. 


— 


current and dc collector voltage. 


the second detector decreases, the net 
forward bias of transistor Q1 increases 
and increases the emitter current. The 
gain of the amplifier increases. 
Resistor #3, ac bypassed by capacitor C1, 
is the emitter swamping resistor. Capaci- 
tor C2 and the transformer 71 primary 
form a tuned parallel circuit to develop 
the collector output signal. Trans- 
former 71 matches the collector output of 
transistor @1 to the input of the follow- 
ing stage. The transformer 71 primary 
is tapped to obtain the desired amplifier 
selectivity (Qo). 

The power 


gain of the common-emitter amplifier (B, fig. 151) 
is controlled by feeding the age voltage to the base 
of the amplifier to vary the dc emitter current 
which in turn varies the dc collector voltage. 
Variation of the de collector voltage is accom- 
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plished 


by passing the dec collector current 


through resistor #5. To be effective, resistor 75 
must be 10,000 ohms or higher in value. 


(1) 


(2) 


In this case, the tuned amplifier is also 
operating as a de amplifier to increase the 
de voltage output of the second detector. 
If the dc voltage output of the second de- 
tector is sufficiently large, the dc collector 
voltage of the tuned amplifier may be 
varied directly. 

In the circuit, shown, resistors R1 and 
R4 form a voltage divider and establish 
the no-signal negative (forward) bias on 
the base. The age voltage from the sec- 
ond detector is negative with respect to 
ground and is fed to the base through 
dropping resistor R2. When the de out- 
put of the second detector increases (due 
to a high carrier signal input to the 
detector), the negative dc voltage fed to 
the base of transistor Q1 through drop- 
ping resistor R2 increases the net nega- 
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Figure 151. Common-emitter amplifier with automatic 
gain control of emitter current and collector voltage. 


tive (forward) bias on the base and 
increases the emitter current and there- 
fore the collector current. The flow of 
increased collector current through re- 
sistor R5 reduces the collector voltage. 
The gain of the amplifier is also reduced 
(par. 157). When the dc output of the 
second detector decreases, the net forward 
bias of transistor Q1 decreases. Emitter 
and collector current decreases; collector 
voltage increases and the gain of the am- 
plifier increases. 

Capacitor C3 ac bypasses resistor R5 to 
ground. Correspondingly referenced cir- 
cuit elements (A and B, fig. 151) per- 
form the same circuit function (a(8) 
above). 


159. Typical Tuned Amplifier With Age 

a. Figure 152 shows a 455-kc amplifier (transis- 
tor Q1) and a second detector (crystal diode (#1). 
The input signal to the amplifier is an if carrier 
amplitude modulated by an audio signal. The 
output of the crystal diode is an audio signal, 
The amplifier is neutralized to prevent oscillation. 
The gain of the amplifier is controlled by an age 
circuit. 

b. Transformer 71 matches the output imped- 
ance of the previous stage to the input impedance 
of transistor @1, and couples the signal to the 
transistor Q@1 base. Capacitor C1 and the trans- 
former 7'1 secondary form a parallel resonant 
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(455-ke) circuit. The transformer 71 secondary 
is tapped to obtain the desired selectivity (Qo). 
Transistor Q1 amplifies the signal which is de- 
veloped across the parallel resonant (455-kc) cir- 
cuit formed by capacitor C6 and the transformer 
72 primary. Transformer 7'2 matches the output 
impedance of transistor Q1 to the input impedance 
of crystal diode (#1 and couples the transistor 
Q1 output signal to crystal diode C21. The rec- 
tified output of crystal diode C1 is filtered by 
capacitor 07 and resistor #4. That is, the if car- 
rier is filtered out by the capacitor and the resistor 
so that the voltage across capacitor C7 consists of 
an audio signal and a dc voltage (positive with 
respect to ground) that is directly proportioned 
to the magnitude of the if carrier. This de volt- 
age is fed to the base of transistor Q1 through 
dropping resistor 21 to provide age (par. 158). 
In addition, resistor #1 and capacitor C2 form an 
audio decoupling network to prevent audio feed- 
back to the transistor Q1 base. 

ce. Capacitor C5 provides negative feedback to 
the transistor Q1 base to neutralize the internal 
positive feedback of the transistor (pars. 153 and 
156). 

d. Resistor R3 provides fixed forward base bias. 
Capacitor C3 provides a low-impedance path for 
the 455-kc signal from the lower end of the input 
tuned circuit to the emitter. Resistor R2, by- 
passed for 455 ke by capacitor C4, is the emitter 
swamping resistor. 
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Figure 152. Typical if amplifier (and second detector) with agc and neutralizing circuits. 
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160. Summary 

a, The selectivity of tuned narrow-band ampli- 
fiers is achieved by using resonant circuits in the 
interstage coupling networks. 

b. Because the transistor is essentially a power 
amplifier (even at high frequencies), impedance 
matching between the output of one stage and the 
input of the following stage is important for 
maximum gain. 

c. Impedance matching is achieved by selecting 
the proper turns ratio of the primary and sec- 
ondary winding in the transformer coupling (A, 
fig. 141) or using split capacitors (A, fig. 143). 

d. Because of low impedances associated with 
transistors, small inductance values are required 
in the tuned circuits. With small inductance 
values, it is difficult in practice to obtain a high 
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unloaded @Q. (selectivity) for the tuned circuit. 
Use of tapped inductances (B, fig. 141) permits use 
of higher inductance values to obtain a high Qo. 
e. Double-tuned circuits (fig. 145) improve the 
uniformity of response in the pass band and more 
sharply suppress frequencies outside the pass band. 
f. Positive feedback occurs in a transistor am- 
plifier through the collector-base junction capaci- 
tance and the base-spreading resistance (fig. 147). 
At low (audio) frequencies, this feedback is negli- 
gible; at high (radio) frequencies the amount of 
feedback may be sufficient to sustain oscillations. 
g. To eliminate the possibility of oscillation in 
high-frequency tuned amplifiers, unilateralizing 
or neutralizing circuits are used (par. 153). 
Ah. Automatic gain control of a transistor am- 
plifier is achieved by controlling the emitter dc 
current or the collector dc voltage (par. 157). 


CHAPTER 9 
WIDE-BAND AMPLIFIERS 


on 


161. General 


a. A very important factor in certain applica- 
tions of an amplifying device is its ability to 
amplify a nonsinusoidal signal. Nonsinusoidal 
signals, such as sawtooth signals in oscilloscope 
sweep circuits, consist of a fundamental com- 
ponent and a large number of harmonics. To 
provide an output signal that is an exact repro- 
duction of the input signal, the amplifying device 
must be capable of amplifying with uniform gain 
all of the components (harmonics) of the saw- 
tooth signal. This type of amplifying device is 
referred to as a wide-band or video amplifier. 

b. Television and radar circuits which amplify 
rectangular waveforms (pulses) also require wide- 
band. amplifiers. Experiment has shown that 
amplifiers for such pulses must have a uniform 
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gain from about one-tenth of the lowest pulse- 
repetition frequency to about 10 times the highest 
pulse-repetition frequency. The frequency of 
pulses occurring one-tenth second apart is 10 eps; 
and that of pulses 1 microsecond apart is 1 mega- 
cycle. The amplifying device must provide a 
uniform gain for 1 cycle to 10 megacycles. When 
the wide-band amplifier is used in circuits for 
amplifying pulses, it may also be called a pulse 
amplifier. 

ce. Figure 153 shows a comparison between a 
narrow-band amplifier (A) and a wide-band am- 
plifier (B). The narrow-band amplifier (A) is 
not capable of amplifying all of the harmonics 
and produces an output wave form that is highly 
distorted when compared with the input wave 
form. The wide-band amplifier (B) can amplify 
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Figure 153. Distortion and reproduction of sawtooth wave form by narrow-band 
and wide-band amplifiers. 
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all of the harmonics and thus can produce an 
output wave form that is an exact reproduction 
of the input wave form. 


162. Coupling Circuits 

a. Although transformer coupling is success- 
fully used in audio amplifiers, the frequency 
response curve (A, fig. 154) shows that the gain 
is not uniform for the range of audio frequencies. 
A more uniform frequency response curve (B, 
fig. 154) is obtained when resistance-capacitance 
(RC) coupling is employed. The frequency re- 
sponse curve shows a flatness over a wider range 
of frequencies, although the voltage gain is 
slightly less. Wide-band amplifiers normally em- 
ploy a modified RC coupling (pars. 165 and 166). 
The modified RC coupling of wide-band ampli- 
fiers provides flatness over a still wider range 
of frequencies. 

b, Figure 157 shows three types of compensa- 
tion circuits used in wide-band amplifiers. The 
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Figure 154. Frequency response curves for 
transformer or RC coupling. 
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shunt compensation (A), the series compensation 
(B), or the shunt-series (combination) compensa- 
tion (C), increase the gain at high frequencies. 
ce. Figure 158 shows a compensation circuit em- 
ployed in wide-band amplifiers that compensates 
for reduced gain at low frequencies. This filter 
coupling circuit is discussed in paragraph 166. 
d. Wide-band amplifier frequency response is 
usually obtained by using both high- and low- 
frequency compensation. These circuits are 
treated in detail in paragraphs 165 through 168. 


163. Frequency Limiting Elements 


Figure 155 shows an RC coupled amplifier. 
Two frequency response limitations must be over- 
come before the circuit can be employed for wide- 
band amplification. 

a. The high-frequency response is limited by Co 
and (;. The stray capacitance and the capaci- 
tance of the output impedance are represented by 
Co. The capacitive effect of the input impedance 
is represented by C:. Since the reactances of Co 
and C; decrease as the frequency increases, the gain 
falls off as the frequency increases (par. 165). 

b. The low-frequency response is limited by the 
time constant of capacitor C¢ and resistor Ry. 
This time constant must be long in comparison to 
the lowest frequency to be amplified (par. 166). 


164. Low-Frequency Phase Distortion 

A wide-band amplifier must have exceptionally 
good low-frequency response to reproduce square 
waves of long duration. Radar reflections re- 
ceived from a long object such as a cloud, and 
the square waves used in amplifier testing have 
long durations. The wide-band amplifier must 
be capable of amplifying all of the harmonics 
of this type of wave form for an exact repro- 
duction. 

a. Low-Frequency Response Distortion. 

(1) The fundamental frequency and the low- 
frequency harmonics of a square wave 
signal have the greatest amplitudes. The 
higher-frequency harmonics grow pro- 
gressively smaller in amplitude as the 
frequency increases. When compared to 
the fundamental frequency, the ampli- 
tude of the third, the fifth, and the 
seventh harmonics of a square wave are 
respectively decreased by one-third, one- 
fifth, and one-seventh. Since the funda- 
mental frequency and the low-frequency 
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Figure 155. RC-coupled amplifier showing capacitive effect at high frequencies. 


harmonics have the greatest amplitudes, 
any small variation in the phase of the 
low-frequency response is extremely no- 
| ticeable. The effect on the higher-fre- 
quency harmonics would be negligible 
| since their amplitudes are progressively 
decreased. 

(2) A variation in the phase of the low- 
frequency response is more noticeable 
than a variation in the gain. The gain 
of the low-frequency response will drop 
to only 99.4 percent of its midfrequency 
value when the phase shift varies 2° 
from the phase at midfrequency. In 
many electronic applications, a phase 
shift of 2° is the maximum tolerable 
shift. 

b. Phase Distortion Correction. Phase shift 
distortion can be minimized by allowing the 
phase shift to vary directly with the frequency. 
Figure 156 shows a wide-band amplifier of this 
type. The fundamental frequency and its sec- 
ond harmonic are shown in the input. The funda- 
mental frequency and the second harmonic are 
shown in the output but shifted in phase. The 
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amount of phase shift is exaggerated for clarifica- 
tion. A delay time of 1/800 of a second causes a 
45° phase shift in the fundamental frequency. 
Since the delay time is constant and the phase shift 
varies directly with the frequency, the second 
harmonic is also delayed 1/800 of a second. The 
resultant phase shift on the second harmonic is 
90°. As the frequency doubles, the phase shift 
doubles and the fundamental frequency and the 
second harmonic remain in the same relative 
phase relationship. When the phase shift varies 
directly with the frequency, there is no phase 
distortion. 


165. High Frequency Compensation 

a. Shunt Compensation. For shunt compensa- 
tion (A, fig. 157), inductor Z, is added in series 
with load resistor 2x. This compensates for the 
shunting effect of output impedance capacitance 
C. and impedance capacitance C;. The capacitive 
reactance of output impedance capacitance Co and 
input impedance capacitance C; shunt inductor 
L, and load resistor Ry. Capacitor Co is practi- 
cally a short circuit at high frequencies. Since 
inductor Z, (in series with resistor P, and capaci- 
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Figure 156. Wide-band amplifier, phase relationship comparison. 
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C. SERIES-SHUNT COMPENSATION. 
Figure 157. Wide-band amplifier, high-frequency compensation coupling. 


tors C; and Co form a parallel resonant circuit 
having a very broad response, this type of com- 
pensation may also be called shunt peaking. The 
resonant peak of this parallel combination main- 
tains a practically uniform gain in the high-fre- 
quency range. In the uncompensated circuit (fig. 
155), the high-frequency gain was reduced by the 
capacitive reactances of capacitors (o plus Ci. 
The impedance of the parallel resonant circuit 
has a value that is approximately the same as load 
resistor A, When the frequency increases, the 
decrease in the capacitive reactances of Cp plus C; 
is exactly compensated by the increase in the in- 
ductive reactance of inductor Z;. The frequency 
response is increased, extending the flatness of the 
response curve over a much higher range of 
frequencies. 

b. Series Compensation. For series compensa- 
tion (B, fig. 157), inductor Z, is added in series 
with capacitor C.. Considering capacitor C, as a 
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short circuit at high frequencies, inductor Z, and 
capacitor C, form a series resonant circuit at very 
high frequencies. As very high frequencies are 
approached, the series circuit’ approaches reso- 
nance. Thus, current flow through capacitor C; 
increases as the frequency increases. The capaci- 
tive reactance of capacitor (> decreases the volt- 
age across load resistor #, as the frequency in- 
creases. Since the current flow through capacitor 
C;, increases with frequency it compensates for the 
decrease in voltage across load resistor #;. The 
frequency response is approximately the same as 
for the shunt peaking coupling circuit. The high 
frequency gain of a wide-band amplifier using 
series peaking is about 50 percent greater than 
that using shunt peaking. 

oe. Series-Shunt Compensation. For series-shunt 
compensation (C, fig. 157), the series-compensa- 
tion and the shunt-compensation coupling circuits 
are combined. This type of coupling is called 


combination compensation or combination peak- 
ing. The qualitative analysis discussed in a and 6 
above apply to this circuit. The frequency re- 
sponse is approximately the same as that of the 
shunt peaking or the series peaking coupling 
circuits. The high frequency gain of the com- 
bination peaking coupling circuit is approxi- 
mately 80 percent greater than the series peaking 
coupling circuit. 


166. Low-Frequency Compensation 

On the low-frequency end of the frequency re- 
sponse range, the input and the output capaci- 
tances of the transistors have no effect on the fre- 
quency response. The low-frequency response is 
limited by capacitor Cc (fig. 158) and resistor Ry. 
The time constant (2,C'c) must be large to prevent 
the low-frequency response from falling off and 
to prevent phase distortion. The loss of gain at 
low frequencies is minimized by adding a compen- 
sating filter in series with load resistor RL. The 
compensating filter consists of resistor Rr and 
capacitor Cr. The filter increases the collector 
load impedance at low frequencies and compen- 
sates for the phase shift produced by capacitor Co 
and resistor R,. For high frequencies, capacitor 
Cp is practically a short circuit. Thus, at high 
frequencies, the collector load impedance consists 
only of resistor RL. As the frequency decreases, 
the reactance of capacitor Cr increases. For very 
low frequencies capacitor Cr is practically an open 
circuit. At very low frequencies the collector load 
impedance consists of resistor PZ and resistor Rr. 
This combination extends the frequency response 
curve over a much lower range of frequencies. The 
gain and phase response becomes more uniform 
over the low frequency range of the frequency 
response curve. 


167. Square Wave Characteristics 


Figure 159 shows a wide-band amplifier with 
the input and the output characteristics for a 
square wave under various conditions. The effects 
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Figure 158. Wide-band amplifier, low-frequency 
compensation coupling. 


of capacitor C¢ (fig. 158) and resistor 2, are com- 
pensated for by the compensating filter (#r and 
Cr). The value of resistor Rp and capacitor Cr 
determines the best low-frequency response and 
most uniform time delay. The square wave input 
(fig. 159) consists of the fundamental frequency 
and the odd harmonics. With the value of resistor 
RL (fig. 158) too small, low-frequency attenuation 
results (A, fig. 159). With the value of resistor 
RL (fig. 158) too great, too much low-frequency 
gain (B, fig. 159) results. When the time constant 
of the compensating filter (RrCr, fig. 158) does 
not compensate for the phase shift across capacitor 
Co and resistor Ry, phase distortion is the result 
(C and D, fig. 159). With the correct values of 
resistor Ry (fig. 158) and the time constant of the 
compensating filter (RrCy) a uniform gain and 
time delay (E, fig. 159) is obtained. 


168. Simultaneous High- 
quency Compensation 
Figure 160 shows a typical wide-band amplifier 
(30 cps to 4 me) using both high- and low-fre- 
quency compensation. The high- and the low- 
compensating circuits operate independently and 
do not interfere with each other. At low fre- 
quencies the series reactance of inductor Z1 is 
very small and has no effect on the collector load 
impedance. The series reactance of inductor £2 
is also very small and has no effect on the input 
circuit. The reactances of output impedance ca- 
pacitance Co (not shown) and input impedance 
capacitance (; (not shown) are so large that they 
have no effect at low frequencies. This means that 
the combination peaking coupling has no effect 
at low frequencies. Similarly, at high frequencies, 
the reactance of capacitor Cr is very small and is 
practically a short circuit. Resistor Rp has no 
effect on the collector load impedance at high fre- 
quencies. Thus, compensating filter #rCr has no 
effect at high frequencies. 
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169. Summary 

a, A wide-band amplifier must be capable of 
producing an undistorted amplified output of a 
nonsinusoidal signal input. 

b. Wide-band amplifiers find application in 
television, radar, and many other electronic ap- 
plications. 

c. Wide-band amplifiers employ RC coupling 
circuits with high- and low-frequency compensat- 
ing networks. 
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d. The high-frequency response is approxi- f. High-frequency response gain with series 
mately uniform for all three types of high-fre- peaking is greater than shunt peaking. 
quency peaking circuits. g. High-frequency response gain with combina- 
e. The high-frequency response gain is lowest tion peaking is greater than shunt or series 
with shunt peaking. peaking. 
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CHAPTER 10 
OSCILLATORS 


Section |. INTRODUCTION 


170. General 

a, Regenerative Feedback. To generate ac 
power with a transistor amplifier (fig. 161) a por- 
tion (Precanack) Of the output power (Pour), must 
be returned to the input in phase (regenerative or 
positive feedback) with the starting power (par. 
171). The power delivered to the load (proaa), 
will be the output power less the feedback power. 

b. Oscillating Frequency and De Power. Be- 
sides the requirement for regenerative feedback, 
frequency determining elements ((1) below) and 
the necessary dc bias voltages ((2) below) must 
be incorporated in the transistor oscillator circuit. 

(1) The frequency determining circuit ele- 
ments may consist of an inductance-ca- 
pacitance (ZC) network, a crystal, or a 
resistance-capacitance (#C) network. 
Transistor oscillator circuits that use 
these networks are described in para- 
graphs 173 through 183. 

(2) Bias voltage requirements for the tran- 
sistor oscillator are similar to those for 
the transistor amplifier (pars. 38 and 
89). Stabilization of operating point 
(pars. 74-98) also is an important factor 
for consideration in the transistor oscil- 
lator circuit, since instability of the op- 
erating point affects the output amplitude, 
waveform, and frequency stability (par. 
172). 

c. General Comparison of Input and Output 
Differences Between Electron Tubes and Tran- 
sistors. The input and output impedances of an 
electron tube circuit are high; the feedback signal 
suffers little loss, because of the mismatch in the 
feedback network. In the common-base con- 
figuration of the transistor, the input impedance 
is low and the output impedance is high. Cou- 


pling the feedback signal from the output to the 
input requires a feedback network to match the 
unequal impedances; sometimes the loss due to 
mismatch may be compensated for by providing 
more feedback energy. Use of the other tran- 
sistor configurations involve similar problems (@ 
below). 

d. Selection of Transistor Configuration. The 
choice of a transistor configuration for an oscil- 
lator is determined by the oscillator requirements 
and the advantages of a particular transistor 
amplifier configuration, The following factors 
concerning each configuration are important in 
making the choice. 

(1) The common-base configuration has the 
lowest input impedance and the highest 
output impedance. Compensation for the 
loss in the feedback circuit must be made 
unless matching occurs (¢ above). Cur- 
rent gain for the junction transistor is 
less than one. Voltage and power gains 
are greater than one. No phase reversal 
exists between input and output. 

(2) The common-emitter configuration has 
moderate input and output impedances, 
reducing the requirement. for matching 
with the feedback circuit. This config- 
uration closely resembles the grounded 
cathode electron tube circuit in that a 
phase reversal occurs between the input 
and output circuits. Current, voltage, 
and power gains are all greater than one. 
Highest power gains are obtained with 
this configuration making it generally 
desirable for use in transistor oscillator 
circuits. 

(3) The common-collector configuration has 
a high input impedance and a moderate 
output impedance. The requirement for 
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matching the input and output imped- 
ances with the feedback circuit also exists 
with this configuration ((1) above). 
Voltage gain is less than one. Current 
and power gains are greater than one. 
No phase reversal exists between input 
and output. 
e. Frequency Limitations. 

(1) In general, the data sheet of a transistor 
includes the cutoff frequency of the tran- 
sistor in its high-frequency characteris- 
tics. This frequency is given with rela- 
tion to the current gain of the transistor 
when used in either the common-base or 
the common-emitter configuration and is 
designated fo» or fae, respectively. The 
cutoff frequency is defined as the point at 
which the current gain drops 3 db or 0.707 
times its low-frequency (normally 1,000 
cps) value. 

(2) Oscillators can operate efficiently above 
the cutoff frequency and could operate up 
to but not including the fmex of the tran- 
sistor. The maximum frequency of the 
transistor is defined as the frequency at 
which the power gain of the transistor 
amplifier is unity. That is, an input sig- 
nal of a specific level, would appear in the 
output of the transistor amplifier at the 
same level (no loss or gain). Since 
power gain is required to overcome losses 
in the feedback circuit, operation of the 
transistor oscillator at fax is not possible. 
The operating frequency is therefore 
chosen at some value, below fmex, at which 
sufficient power gain for feedback and 
output is obtained. 


171. Initial and Sustained Oscillation 

a. Initial Oscillation. Oscillation may be ini- 
tially caused in a transistor circuit by using the 
same technique as a vacuum tube oscillator circuit 
(TM 11-662). The circuit may be externally ex- 
cited (triggered) or self-excited. Triggered cir- 
cuits are discussed in paragraphs 185 through 193. 
In the self-excited circuit, at the moment that de 
power is applied, the energy level does not in- 
stantly reach maximum but, instead, gradually 
approaches it. Oscillations build up to a point 
limited by the normal operation of the amplifier, 
the feedback energy, and the nonlinear condition 
of the circuit. 


166 


TRANSISTOR 
AMPLIFIER 


= feedback 


TM690-300 
Transistor oscillator showing application of 
feedback, block diagram. 


Figure 161. 


b. Feedback. The output power, Pou (fig. 161), 
is equal to the power gain of the amplifier multi- 
plied by the input power. 

(1) When the amplifier power gain is less 
than one, a damped oscillation is ob- 
tained (A, fig. 162); that is, the oscilla- 
tions become smaller with time until they 
no longer exist. For example, if the 
power gain of the transistor amplifier is 
equal to 0.9 and the starting signal is 
1 dbm, the output power after the first 
pulse is 0.9 dbm. If all of this power 
is fed back to the input and amplified, 
the output power on the second cycle be- 
comes 0.81 dbm. Feeding this power 
back to the input results in a further 
reduction of the output power. This 
process continues until oscillation ceases. 
This process is similar to the action of 
oscillation in a charged parallel-tuned 
circuit, where the resistance present 
dampens the oscillation. Thus, to sus- 
tain oscillation (B, fig. 162), the power 
gain factor of an amplifier must be equal 
to or greater than one. 

(2) In the practical transistor oscillator cir- 
cuit (fig. 163), the power output is di- 
vided. A portion (Picea) is supplied to 
the load with the remainder (Ptecarack) 
going to the feedback network. Power 
losses occur in the feedback network. 
The feedback power is equal to the input 
power (Pin) plus the loss incurred in the 
feedback network. For example, if the 
power gain of a transistor amplifier is 20 
and the input power (pin) level is 1 mw, 
the output power (Pout) is 20 mw. If 
the loss incurred in the feedback network 
is 10 dbm, the feedback power (Precavacx) 


must be 11 mw to sustain oscillation. 
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Figure 162. Waveforms showing effects of sufficient and insufficient power feedback. 


That is, Preeavack less the loss in the net- 
work equals the pin and is 1 mw. Thus, 
all values remain constant and oscillation 
is sustained. 

(3) The power delivered to the load (Piosa) 
is the output power less the feedback 
power. 


172. Frequency Stability 

Frequency instability caused by transistor char- 
acteristics rather than external circuit elements is 
discussed in a and b below. 

a. Operating Point. 

(1) The de operating point is usually chosen 
so that the operation of the transistor cir- 
cuit is over the linear portion of the tran- 
sistor characteristic. When the operation 
of the circuit falls into a nonlinear por- 
tion of the transistor characteristic be- 
cause of variations in bias voltages, the 


(2) 


transistor parameters vary (pars. 51 and 
52). Since these parameters are basic 
to the transistor, and therefore affect 
frequency of oscillation, frequency vari- 
ation will occur with changes in bias 
voltages. A constant supply voltage is 
thus a prime requirement for frequency 
stability. 

The collector-to-emitter capacitance: pa- 
rameter of the transistor affects frequency 
stability more than the other param- 
eters. This reactive element (sometimes 
referred to as the barrier capacitance) 
varies with changes in collector or emit- 
ter voltages and with temperature (par. 
103). In high-frequency oscillators, 
when the collector-to-emitter capacitance 
becomes an important factor, the effect 
of changes in the capacitance may be 
minimized by inserting a relatively large 
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swamping capacitor across the collector- 
to-emitter electrodes. The total capac- 
itance of the two in parallel results in 
a circuit which is less sensitive to varia- 
tions in voltage. The added capacitor 
may be part of a tuned circuit (par. 
175). 

(3) The use of a common bias source for 
both collector and emitter electrodes 
maintains a relatively constant ratio of 
the two voltages. In effect, a change in 
one voltage is somewhat counteracted by 
the change in the other, since an in- 
creased collector voltage causes an in- 
crease in the oscillating frequency and 
an increased emitter voltage causes a 
decrease in the oscillating frequency. 
However, complete compensation is not 
obtained since the effects on the circuit 
parameters of each bias voltage differ. 

b. Temperature. Changes in operating point 
with changes in temperature are encountered in 
the transistor oscillator. The effects of changes 
in temperature on the transistor amplifier are 
given in paragraph 74. Since the transistor oscil- 
lator is an amplifier with additional circuitry 
(par. 170), the means of temperature stabilization 
are the same for both oscillators and amplifiers. 
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Figure 163. Transistor oscillator showing important networks in block form. 


173. Basic Transistor Oscillator Circuits 

The circuits in figure 164 illustrate the basic 
component arrangements and polarity applica- 
tions in transistor oscillators. Each circuit pro- 
vides amplification, regenerative feedback, and 
inductance-capacitance tuning. Exact bias and 
stabilization arrangements are not illustrated. 
However, the relative transistor de potentials re- 
quired for normal functioning of the oscillator 
are shown. 

Note. In all circuits illustrated, a PNP-type transistor 
is used. NPN transistors may be substituted in any of 
the circuits, as long as the de polarities are reversed. 

a. The circuits in A and B, figure 164, are 
similar. In both cases, feedback is coupled from 
the collector to the base by a transformer (tickler 
coil (par. 174)). The circuit in B of the figure 
is a shunt fed version of the circuit in A. Since 
the feedback signal is from collector to base in 
each case, the necessary feedback signal phase 
inversion is accomplished by the transformer 
which, when properly connected, provides 180° 
phase shift. 

b. The circuits in C and D, figure 164, are also 
tickler-coil oscillators. In C, regenerative feed- 
back with zero phase shift is obtained in the 
tuned collector-to-emitter circuit by the proper 
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connection of the transformer. In D, since the 
feedback is from collector to base, 180° phase 
shift is required. The signal in the untuned 
collector winding is coupled and inverted in phase 
to the tuned-base winding. 

ec. The circuits in E and F of the figure are 
transistorized versions of the Colpitts-type elec- 
tron tube oscillator (par. 175). In E, the signal 
from the tuned collector is coupled to the emitter 
in phase. In F, the signal from the tuned col- 
lector is coupled to the base 180° ottt of phase. 

d. The circuits in G and H of the figure are 
similar to those in E and F, except that a split 
inductance is used to provide the necessary feed- 


back in place of the split capacitance. These are 
transistorized versions of the Hartley-type elec- 
tron tube oscillator. In each of these circuits, 
the collector is tuned. Since each coil functions 
as an autotransformer, feedback in proper phase 
is accomplished by induction. In G, the feed- 
back signal is coupled from collector to emitter 
with no phase shift. In H, the feedback signal 
is coupled from collector to base with 180° phase 
shift. 

Note. Resistances and capacitances (external to tuned 
eircuits) are added in figure 164 to indicate ac and de 


blocking components respectively. More detailed descrip- 
tions are given in succeeding paragraphs. 


Section Il. LC RESONANT FEEDBACK OSCILLATORS 


174. Tickler Coil Oscillators 

a. Basic Oscillator Analysis. A transistor os- 
cillator using a tickler coil for inductive feedback 
is shown in A, figure 165. Dc bias circuits have 
been omitted for simplicity (the emitter-base diode 
is forward-biased and the collector-base diode is 
reverse-biased). The nonlinear conditions for 
amplitude limitation (par. 171@) in this circuit are 
that the emitter-base diode becomes reverse-biased 
(transistor is cut off) or the collector-base diode 
becomes forward-biased (transistor is saturated). 
The currents and voltages indicated on the figure 
are ac and are instantaneous. The waveforms of 
emitter and collector currents (¢- and 7%, respec- 
tively) are shown in B, figure 165. 

(1) Oscillations begin in the circuit when the 
bias conditions of the transistor are nor- 
mal and power is applied. The ampli- 
tude of current flow in the circuit will 
increase steadily (between points X and 
Y inB, figure 165) due to the regenerative 
feedback coupled from the collector cir- 
cuit to the emitter circuit by the trans- 
former windings (winding 3-4 to wind- 
ing 1-2). 

(2) A point (¥) is reached at which time the 
collector current can no longer increase. 
The transistor is saturated (par. 2076 
(8) ), and since no further change in col- 
lector current exists, feedback ceases and 
emitter current 7, begins to fall. This 
decrease in emitter current results in a 
decrease in collector current é.. 
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(3) The decrease in collector current causes 
the induced feedback voltage to reverse 
and the emitter current decreases. The 
emitter current decreases steadily (be- 
tween points Y and Z) because of the re- 
generative feedback until another point 
(Z) is reached at which time the emitter 
current is cut off. The emitter-base diode 
is reverse-biased at this point. Collector 
current ceases to flow causing the feed- 
back current to cease flowing. Once the 
feedback current, which had driven the 
transistor to cutoff, ceases, the bias condi- 
tions begin to revert to their original state 
((1) above) and the process is repeated. 
Basically, the transistor is driven to sat- 
uration, then to cutoff, then back to satu- 
ration, etc. The time for change from 
saturation to cutoff is primarily deter- 
mined by the tank circuit, which, in turn, 
determines the frequency of oscillation. 

b. Tuned-Base Oscillator (fig. 166). The 
tuned-base transistor oscillator is similar to the 
electron tube tuned-grid oscillator. In this appli- 
cation, one battery is used to provide bias for the 
common-emitter configuration. Resistors 2s, Kc, 
and /y provide the necessary bias conditions. Re- 
sistor Ry is the emitter swamping resistor. The 
components within the dotted lines comprise the 
transistor amplifier. The collector shunt-fed ar- 
rangement prevents dc current flow through tickler 
winding 1-2 of transformer 71. Feedback is ac- 
complished by the mutual inductance between the 
windings of the transformer. 


Tl (2) Oscillations in this circuit are started 
= the moment the de power (battery Voc) 
is connected in the circuit. At that 
moment, a surge of current flows through 
the transistor, and the base circuit goes 
‘ into oscillation. The oscillations, ampli- 
fied by the transistor, appear across 
= transformer winding 1-2, and are 
coupled to transformer winding 3-4. 
The feedback signal is regenerative and 
of sufficient magnitude to sustain oscil- 

lations. 

A (3) The output signal is coupled from the 
collector through coupling capacitor Co 
to provide a fixed output to the load. 

c. Tuned-Collector Oscillator (fig. 167). The 
tuned-collector transistor oscillator is similar to 
the electron tube tuned-plate oscillator. Resistors 
Ry and Ry establish the base bias. Resistor Mz 
is the emitter swamping resistor. Capacitors Cp 
and C's bypass ac around resistors 7x and /z, re- 
spectively. Although a series-fed arrangement is 
illustrated, a shunt-fed arrangement of the tuned- 
collector oscillator is also possible with slight 
circuit modification. This arrangement would 
result in a circuit which would be almost identi- 
cal with the tuned-base oscillator, except for 
the placement of the tank circuit ((1) below). 

(1) The tuned circuit consists of transformer 
winding 3-4 and variable capacitor C1. 
Capacitor C1 permits tuning the oscil- 
lator through a range of frequencies. 


B Oscillations in this circuit are started the 
TM690- 303 moment the de power is applied (5(2) 
Figure 165. Typical transistor oscillator ond above). Regeneration is accomplished by 


current waveforms, bias circuits omitted. coupling the feedback sign: al from trans- 


(1) The tank circuit consists of transformer former winding 3-4 to transformer 


‘ndi ‘ : inding 1-2. 

winding 3-4 and variable capacitor C1 wy uk 

and cqaleabes the frequency determin- (2) Transformer winding 5~6 couples the 
ing components of the oscillator. Varia- signal output to the load. 


ble capacitor C1 permits tuning the oscil- - . 
lator through a range of frequencies. 175. Colpitts and Clopp Oscillators 


Capacitor Qc couples the oscillatory sig- a. Colpitts Oscillator. Figure 168 illustrates 
nal to the base of the transistor and also a transistor Colpitts oscillator circuit. Regen- 
blocks the de. Without capacitor Co, the erative feedback is obtained from the tank cir- 
base bias condition would be determined cuit and applied to the emitter of the transistor. 
primarily by the low de resistance of Base bias is provided by resistors Ry and Ry. Re- 
transformer winding 8-4. Capacitor Ca sistor Re is the collector load resistor. Resistor 
bypasses the ac signal around emitter z develops the emitter input signal and also 
swamping resistor Ag and prevents acts as the emitter swamping resistor. The tuned 
degeneration. circuit consists of capacitors (1 and C2 in paral- 
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Figure 166. Tuned-base oscillator. 


lel with transformer winding 1-2. Capacitors C1 
and C2 form a voltage divider. The voltage de- 
veloped across (2 is the feedback voltage. Either 
or both capacitors may be adjusted to control the 
frequency and the amount of feedback voltage. 
For minimum feedback loss, the ratio of the ca- 
pacitive reactance of ('1 to C2 should be approxi- 
mately equal to the ratio of the output impedance 
to the input impedance of the transistor. 

b. Clapp Oscillator. Modification of the Col- 
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pitts oscillator by including « capacitor in series 
with winding 1-2 of the transformer, results in 
the Clapp oscillator (fig. 169). This added ca- 
pacitance improves the frequency stability of the 
oscillator. When the series capacitance of ca- 
pacitors C1 and C2 is large compared with the 
added capacitance, the oscillator frequency is ef- 
fectively determined by transformer winding 1-2 
and capacitance C series combination. This ca- 
pacitance may be made variable to provide os- 
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Figure 168. Transistor Colpitts Oscillator. 


cillations over a range of frequencies. At the 
resonant frequency, the shunting impedance of 
the LC series combination is at a minimum, 
thereby making the oscillating frequency com- 
paratively independent of the transistor psram- 
eter variations. 

c. Simplified Féedback Networks. The com- 
mon-base configuration is used in the Colpitts 
oscillator of figure 168. No phase shift exists 
‘between the signal on the collector and the signal 
on the emitter. Therefore, the feedback signal 
is not phase shifted ((1) below). The common- 
emitter configuration is used in the Clapp oscil- 
lator of figure 169. A 180° phase shift exists 
between the signal on the collector and the signal 
on the base. In this instance, the feedback signal 
is inverted to provide an inphase relationship 
at the input ((2) below). 

Note. Only ac conditions of the feedback signal are 
discussed in (1) and (2) below and illustrated on figure 


170. Thus, the polarities indicated at the transistor and 
capacitor are instantaneous. 


(1) When the common-base configuration is 
used, the feedback signal is returned be- 
tween emitter and ground (A, fig. 170). 
As the emitter goes negative, the col- 
lector also goes negative, developing the 
potential polarities across capacitors C1 
and C2, as shown. The feedback voltage 
developed across capacitor C2, which is 
fed back between the emitter and ground, 
also goes negative. The inphase rela- 
tionship at the emitter is maintained. 

(2) When the common-emitter configuration 
is used, the feedback signal is returned 
between base and ground (B, fig. 170). 
As the base goes positive, the collector 
goes negative, developing the potential 
polarities across capacitors Cl and C2 
as shown. The voltage developed across 
capacitor C2 is fed back between base 
and ground. Since the negative going 
side of capacitor C2 is grounded, the 
voltage fed back is inverted, and the in- 
phase relationship at the base is main- 
tained. 


176. Hartley Oscillator 

The Hartley oscillator (figs. 171 and 172) is 
similar to the Colpitts oscillator except for the 
use of a split inductance instead of a split capaci- 
tance to obtain feedback. The shunt-fed (a be- 
low), and series-fed (b below) oscillators are 
operationally similar. They differ primarily in 
the method of obtaining collector bias. A mod- 
ified Hartley-type oscillator which provides 
greater power output, is described in ¢ below. 
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Figure 169. Transistor Clapp oscillator. 
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a. Shunt-Fed Hartley Oscillator (fig. 171). 

(1) Resistors Ry, Rc, and Ry provide the nec- 
essary bias conditions for the circuit. 
The frequency determining network con- 
sists of the series combination of trans- 
former windings 1-2 and 2-3 in parallel 
with capacitor (1. Since capacitor (1 
is variable, the circuit may be tuned 
through a range of frequencies. Capaci- 
tor C2 is a de blocking capacitor. Ca- 
pacitor (gz provides an ac bypass around 
emitter swamping resistor Pz. 

(2) The inductance functions as an auto- 
transformer to provide the regenerative 
feedback signal. The feedback is ob- 
tained from the induced voltage in trans- 
former winding 2-3, coupled through 
capacitor Cc to the base of the transistor. 
By shunt feeding the collector through 
resistor #o, direct-current flow through 
transformer 7'1 primary is avoided. 

b. Series-Fed Hartley Oscillator (fig. 172). 

(1) Resistors #p and Ar provide the neces- 
sary bias for the base-emitter circuit. 
Collector bias is obtained through trans- 
former winding 1-2. Capacitor Cx pro- 
vides an ac bypass around emitter swamp- 


ing resistor Pp. 
(2) The feedback is obtained from the in- 
TMG690-318 duced voltage in transformer winding 2- 
Figure 170. Simplified feedback networks 8 coupled through capacitor Co to the 
in Colpitte and Clapp oscillators. base of the transistor. Capacitor C2 
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Figure 171. Transistor Hartley oscillator, shunt-fed. 
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TM6S0-309 
Figure 112. Transistor Hartley oscillator, series-fed. 


places terminal 2 of transformer 7'1 at ac 
ground potential. 

c. Push-Pull Oscillator (fig. 178). The oscil- 
lator circuit illustratéd in figure 173 is similar to 
the Hartley-type oscillator circuit of figure 171, 
which has been modified for push-pull operation. 
Push-pull operation of transistors Q, and @: pro- 
vides greater output than the single-ended tran- 
sistor oscillator. 

(1) Base bias for this circuit is established by 
resistors Rs and Rr. Capacitor Cg pro- 
vides an ac bypass around emitter swamp- 
ing resistor 7z. 

(2) Frequency of oscillation is essentially de- 
termined by the tank circuit consisting 
of transformer winding 4-6 and capacitor 
C2. The regenerative signal is applied 
between base and emitter of each transis- 
tor by means of the induced voltages in 
transformer windings 1-3 and 4-6. Cir- 
cuit operation, after the feedback signal 
is applied to transformer winding 1-3, is 
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Figure 178. Transistor push-pull oscillator. 


similar to that of the push-pull amplifier 
(par. 182). Capacitor ('1 places termi- 
nal 2 of transformer 7'1 at ac ground po- 
tential through capacitor Cz. 


177. Crystal Oscillators 


Three transistor crystal oscillator circuits are 
described in 6 and c below. A quartz crystal (a 
below), is normally used in an oscillator circuit 
because of its extremely high Q (narrow band- 
width) and good frequency stability over a given 
temperature range. In practical applications 
when the range of operating temperature or fre- 
quency tolerance is extremely critical, a constant 
temperature chamber is used to house the crystal. 

a. Crystal Characteristics. The quartz crystal 
and its equivalent circuit are shown in figure 174. 

(1) Resistance #, inductance L, and capaci- 

tance Cg in series (B, fig. 174) represent 
the electrical equivalent of the mechanical 
vibrating characteristic of the crystal. 
At series resonance of capacitance Cs and 
inductance Z, the impedance of the crys- 
tal is low and the resonance frequency of 
the oscillator circuit is determined only 
by the mechanical vibrating characteris- 
tics of the crystal. 

Parallel capacitance Cp represents the 

electrostatic capacitance between the crys- 

tal electrodes (A, fig. 174). Above the 
frequency of series resonance ((1) 
above), the inductive reactance of induct- 
ance L is greater than the capacitive re- 
actance of capacitance (’s. The combina- 
tion (Z and @g) then appears as a net 
inductance. This net inductance forms 

a parallel resonant (antiresonant) cir- 

cuit with capacitance Cp and any circuit 

capacitance appearing across the crystal. 

In this instance, the impedance of the 

crystal is high and the resonant frequency 

is determined by the crystal and by ex- 
ternally connected circuit elements. 

(3) Figure 175 illustrates the impedance 
versus frequency characteristics of a typ- 
ical quartz crystal. The lowest imped- 
ance occurs at the series resonant fre- 
quency (f:). The highest impedance oc- 
curs at the parallel resonant frequency 
(f2). The slopes of both curves are 
steep, indicating a high @. For most 
crystals, the difference in frequency be- 
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tween /, and f; is very small compared to 
the series resonant frequency of the crys- 
tal. 

Either the series or paralle] mode of oscil- 
lation of the crystal may be used in an 
oscillator circuit. The mode of opera- 
tion is primarily determined by the im- 
pedance of the circuit to which the crys- 
tal is connected. 

b. Tickler-Coil Feedback Oscillator (fig. 176). 
This circuit uses the series mode of operation of 
the crystal and functions similarly to the tuned- 
collector circuit of figure 167. Increased fre- 
quency stability is obtained with the insertion of 
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Figure 175. Quartz crystal impedance characteristic. 
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Figure 174. Quartz crystal and its equivalent circuit. 


a crystal in the feedback path. However, the 
frequency is essentially fixed by the crystal. To 
obtain a variable frequency oscillator, different 
crystals may be inserted in the circuit while mak- 
ing C1 variable over a range of frequencies. 

(1) Regenerative feedback from collector to 
base is accomplished through the mutual 
inductance between transformer windings 
1-2 and 34. This provides the necessary 
180° phase shift for the feedback signal. 
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Resistors Rg, Rr, and Re, provide the 
base and collector bias. Emitter swamp- 
ing resistor Rez is ac bypassed by 
capacitor Cz. 

At frequencies above and below the series 
resonant frequency of the crystal, the im- 
pedance of the crystal increases and 
reduces the amount of feedback. This in 
turn prevents oscillation at frequencies 
other than the series resonant frequency. 


ce. Colpitis-Type Crystal Oscillators. The com- 
mon-base (fig. 177) and the common-emitter (fig. 
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Figure 176. Orystal-controlled tickler-coit feedback 


oscillator. 


178) Pierce oscillators use the parallel mode of 
resonance of the crystal. If the crystal were to 
be replaced by its equivalent circuit (B, fig. 174) 
the functioning of each circuit would become 
analogous to that of the Colpitts oscillator (fig. 
168). 

(1) The circuit of figure 177 shows the 
common-base configuration with the 
feedback supplied from collector to 
emitter through capacitor C1. Resistors 
Rx, Re, and Ry provide the proper bias 
and conditions for the circuit. Resistor 
Ry is the emitter swamping resistor. 
Capacitors C1 and Cz form a voltage 
divider connected across the output. 
Capacitor (2 is an ac bypass around base 
biasing resistor 2». Since no phase shift 
occurs in this configuration, the feedback 
signal must be connected so that the volt- 
age across capacitor Cz will be returned 
to the emitter with no phase shift occur- 
ring (A, fig. 170). The oscillating fre- 
quency of this circuit is determined not 
only by the crystal but by the parallel 
capacitance offered by capacitors C1 and 
Cr. These are normally made large to 
swamp both the input and output capaci- 
tances of the transistor and make the 
oscillations comparatively independent 
of changes in transistor parameters. 
Since the parallel capacitance of (1 and 
Cr affects the oscillator frequency, the 
operation of the crystal is in the inductive 
region of the impedance versus frequency 
characteristic between the series and 
parallel resonant frequencies (fig. 175). 

(2) The circuit of figure 178 shows the com- 
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Figure 177. Colpitts-type crystal oscillator, collector- 


emitter regeneration, 


mon-emitter configuration with the feed- 
back supplied from collector to base. The 
resistances illustrated provide the proper 
bias and stabilizing conditions for the 
circuit. Capacitors C1 and C2 form the 
voltage divider for this circuit. Capaci- 
tor Cz is the emitter bypass capacitor. 
Tn contrast to the circuit described in (1) 
above, a 180° phase shift exists between 
input and output signals. This is ac- 
complished through the arrangement of 
the voltage divider network (B, fig. 170). 
Note that the connection between the ca- 
pacitors is grounded. The voltage devel- 
oped across capacitor ('1 is applied be- 
tween base and ground providing the 180° 
phase reversal necessary. The oscillating 
frequency of this circuit is determined as 
in (1) above, by the crystal and the capac- 
itors connected in parallel with it. 
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Figure 178. Colpitts-type crystat oscillator, collector-base regeneration. 
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Section Ill. | RESISTANCE-CAPACITANCE (RC) FEEDBACK OSCILLATORS 


178. Phase-Shift Oscillators 

A sinewave output may be obtained from an 
oscillator using an RC network in place of the 
inductance-capacitance network. The RC net- 
work determines the frequency of oscillation and 
provides regenerative feedback between output 
and input (fig. 179). Since, in the common- 
emitter configuration, the signal between base 
and collector is reversed 180° inphase, an addi- 
tional 180° phase shift is necessary to make the 
feedback signal positive when returned from out- 
put to input. This is accomplished by an RC 
network consisting of three sections, each con- 
tributing a 60° phase shift at the frequency of 
oscillation. In figure 179, the three RC sections 
are comprised of C1R1, C2R2, and C3RB. 

a. RO Section Analysis. 

(1) Current flow in a circuit, consisting of 
resistance and capacitance in series, is 
determined by the applied voltage di- 
vided by the series impedance of the 
components (Ohm’s law). Since the im- 
pedance of an RC circuit is capacitive, 
current leads the applied voltage by a 
specific phase angle. This phase angle is 
determined by the numerical relation- 
ship of resistance and capacitance. The 
voltage drop across the resistor, deter- 
mined by the current flow through it, 
therefore leads the applied voltage by 
the afore-mentioned phase angle. 

(2) If the capacitance is fixed, a variation in 
the resistance value will cause a variation 
in the phase angle. When the resistance 
becomes equal to zero, a maximum phase 
angle of 90° will exist between applied 
voltage and current. This, however, is 
of no value since no voltage is developed 
across a zero resistance, and the only 
voltage across the capzzitor will be the 
applied voltage. With a minimum of 
resistance in the section, the phase angle 
will be slightly less than 90°. Thus, at 
least three RC sections are required to 
provide the required 180° phase shift nec- 
essary for positive feedback. The value 
of resistance is generally chosen so that 
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each section will provide a 60° phase 
shift. 

Note. A more detailed analysis of the RC 
section is given in TM 11-670. 

b. Circuit Operation. Resistors Rx, Rr, and Re 
provide base and collector bias for the oscillator. 
Capacitor Cy ac bypasses emitter swamping re- 
sistor Ry. Capacitors C1, C2, and (3 and resistors 
F1, R2, and Fz constitute the feedback and phase- 
shifting networks. 

(1) Oscillations are started by any random 
noise, or transistor noise, when power is 
applied. A change in the flow of base 
current results in an amplified change in 
collector current, phase shifted 180°. 
The signal returned to the base is in- 
verted 180° by the action of the phase 
shifter (b above), making it regenera- 
tive. 

(2) The output waveform is very nearly 
sinusoidal; the output frequency is fixed. 
That is, with fixed resistance and capac- 
itance in the phase-shifting network, the 
180° phase shift occurs at only one fre- 
quency. At other frequencies, the ca- 
pactive reactance increases or decreases, 
causing a variation in phase relationship, 
and the feedback is degenerative (not 
in phase), preventing sustained oscilla- 
tions. The phase-shift oscillator is nor- 
mally made variable over particular 
ranges by providing ganged variable ca- 
pacitors or resistors in the phase shifter. 

(3) A high gain transistor must be used with 
the three-section phase-shifting network 
because the losses incurred in the net- 
work are high. Increasing the number 
of phase-shifting sections causes a reduc- 
tion in the loss of the overall network. 
This is so, since additional sections re- 
duce the phase shift necessary for each 
section and the loss for each section is 
lowered as the phase shift is reduced. 
It is therefore not uncommon to en- 
counter a phase-shift oscillator which 
employs more than three sections in the 
phase-shifting network. 
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Figure 179. Transistor RC phase-shift oscillator. 


179. Wien-Bridge-Type Oscillator 
(fig. 180) 

Another circuit which uses a resistance-capac- 
itance network for the development of a sinusoidal 
output is the Wien-bridge-type oscillator. The 
circuit illustrated, using two transistors connected 
in the common-emitter configuration, is directly 
analogous to the type employing electron tubes. 
The second stage functions as an amplifier and 
phase inverter from which the feedback signal is 
taken in proper phase. As in the case of the 
electron tube equivalent circuit, regeneration is 
provided for oscillation and degeneration is pro- 
vided to obtain frequency stability and distortion- 
less output. 

a. Bridge Analysis. 

(1) The feedback voltage developed between 
the collector of transistor Q2 and ground 
is impressed across the entire bridge net- 
work (B, fig. 180). The voltage devel- 
oped across capacitor (2 is regenerative 
and is applied to the input circuit of 
transistor @1. These voltages are in 
phase at only one frequency. This is due 
to the phase relationships between the 
voltages developed across the series com- 
bination of resistor 21 and capacitor C1 
and the parallel combination of resistor 
Ps, and capacitor C2. These vary in op- 
posite directions as the frequency changes. 
At the resonant frequency, the phase shift 
is zero. At frequencies above and below 
the resonant frequency, a phase shift ex- 
ists and the positive feedback voltage is 
reduced in value. 

(2) Besides leaving the emitter resistors of 
both stages unbypassed, providing nega- 
tive feedback, additional negative feed- 


(3) 


(4) 


back is provided through resistor R2 and 
applied to the emitter of transistor Q1. 
The amount of negative feedback is a 
fixed quantity since the feedback is de- 
veloped across resistors. This quantity 
is determined primarily by resistor R2 
(which may be made variable to control 
output amplitude). Normally, its value 
provides greater negative feedback volt- 
age at other than the resonant frequency. 
Therefore, at other frequencies, the nega- 
tive feedback exceeds the positive feed- 
back and a highly stable oscillator results. 
The frequency of oscillation is deter- 
mined by capacitors C1 and (2 and re- 
sistors #1 and Ry. The resonant fre- 
quency (f,) is obtained from the follow- 
ing expression : 


1 
~ QeJRICIRs,C2 


However, if #1 is equal to Rx, and C1 is 
equal to C2, the expression is reduced to 


Sf, 


1 
f= FeRICi 


When a variable frequency oscillator is 
desired, either capacitors €'1 and C2 may 
be variable or resistors #1 and Fs, may be 
made variable in steps. 

The emitter resistance of transistor Q1 is 
a thermistor, with a positive temperature 
coefficient of resistance. In some circuits, 
a lamp is substituted for the thermistor. 
In either case, its function is to stabilize 
the output amplitude of the oscillator. 
When the output increases for any 
reason, an increased feedback voltage 
results. As a result of the increased 
feedback voltage, the current through 
the thermistor increases, increasing the 
resistance of the thermistor which in turn 
increases the negative feedback voltage 
developed across it. This reduces the 
gain of the amplifier and effectively re- 
turns the output voltage to what it had 
been. Thus, additional amplitude stab- 
ilization is provided. In cases where this 
stability is not a requirement, an ordinary 
resistor is used in series with the emitter 
electrode. 
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Figure 180. Transistor Wien-bridge oscillator. 


b. Circuit Description. The circuits of A and 


B, figure 180, are identical. 


A, figure 180, is 


arranged so that the feedback paths are easily 


identified, while B of the figure is arranged so. 


that the frequency selective bridge components 
are easily identified. 
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(1) Both transistors use the same methods of 


biasing and stabilization. Resistors Hai, 
Re, and Rr, and thermistor #71 estab- 
lish the bias in the amplifier circuit of 
transistor @1. Thermistor #71, also 
serves as the emitter swamping resistor. 
Resistors Rae, Re, Re, and Rr. provide 


(2) 


the bias in the amplifier circuit of tran- 
sistor Q2. Resistor 7g is left unbypassed, 
providing degeneration and increased 
output waveform stability. De power for 
both stages is provided by battery Voe. 
The output of transistor @1 is coupled 
to the input of transistor Q2 through ca- 
pacitor Co. Capacitor C3 couples a por- 
tion of the output of amplifier stage Q2 
to the bridge network to provide the nec- 
essary feedback (both positive and nega- 
tive (a above)). The output to the load 
is coupled through capacitor Co. 


Section IV. FREE-RUNNING NONSINUSOIDAL OSCILLATORS 


180. Relaxation Oscillators, General 


a. An oscillator circuit in which the output 
waveform is nonsinusoidal is generally classified 
as a relaxation oscillator. The relaxation oscil- 
lator uses a regenerative circuit in conjunction 
with RC or resistance-inductance (RL) com- 
ponents to provide a switching action. The charge 
and discharge times of the reactive elements are 
used to produce sawtooth, square, or pulse output 
waveforms. 

b. Multivibrator and blocking oscillators are 
examples of relaxation oscillators. Multivibrator 
(par. 181) and blocking oscillator (par. 183) cir- 
cuits generally use an RC time constant for de- 
termination of output waveform and frequency. 
A form of multivibrator circuit, used primarily 
to convert low voltage dc to high voltage ac for 
rectification in de to de power supplies, is de- 
scribed in paragraph 182. 

c. Multivibrators and blocking oscillators are 
further classified as either free-running or driven 
(triggered) oscillators. The free-running oscil- 
lator is one in which the oscillations begin once 
power is applied to the circuit. The oscillations 
then become continuous while the circuit is in 
operation. The triggered oscillator (pars. 185— 
193) is controlled by a synchronizing or trigger- 
ing external signal. 

d. The following properties of a transistor am- 
plifier circuit should be considered in the analysis 
of multivibrator and blocking oscillator circuits. 
These properties are applied to the common-emit- 
ter configuration which is used because a 180° 
phase shift occurs, as in an electron tube ampli- 
fier, between the output and input signals. 

(1) An increase in base current causes an 
increase in collector current through the 
transistor; conversely, a decrease in base 
current causes a decrease in collector 
current. 

(2) An increase in collector current causes 
the collector voltage to decrease; a de- 
crease in collector current causes the col- 
lector voltage to increase towards the 
value of the source voltage. With PNP- 
type transistors, since the collector is 
reverse-biased, an increase in collector 
current causes the collector voltage to 
become less negative (or more positive). 


With NPN-type transistors, the collector 
voltage becomes less positive (or more 
negative). 

(3) For normal functioning of a transistor 
amplifier, the base-emitter diode is for- 
ward-biased and the collector-base diode 
is reversed-biased. The polarity is deter- 
mined by type of transistor used (PNP 
or NPN). 

(4) A transistor is saturated when a further 
increase in base current causes no further 
increase in collector current. 

(5) A transistor is cut off when either the 
base voltage polarity causes reverse bias 
or the collector voltage polarity causes 
forward bias. 

(6) Capacitors and inductors require a defi- 
nite amount of time to charge or dis- 
charge through a resistor. The measure 
of this time, called the time constant, is 
determined by multiplying the resistance 
by the capacitance (R X C) or by di- 
viding the inductance by the resistance 
(LR). 


181. Multivibrators 

The free-running (astable) multivibrator (par. 
1902) is essentially a nonsinusoidal two-stage 
oscillator in which one stage conducts while the 
other is cut off until a point is reached at which 
the stages reverse their conditions. That is, the 
stage which had been conducting cuts off, and the 
stage that had been cut off conducts. This oscil- 
lating process is normally used to produce a 
square wave output. Most transistor multivi- 
brator circuits are counterparts of those using 
electron tubes. For example, the emitter-coupled 
transistor multivibrator is analogous to the cath- 
ode-coupled electron tube multivibrator circuit; 
the collector-coupled transistor multivibrator (fig. 
181) is analogous to the common plate-coupled 
electron tube multivibrator. Since most multi- 
vibrator circuits function similarly, only the col- 
lector-coupled transistor multivibrator is discussed 
in a and b below. 

a. General. The basic collector-coupled tran- 
sistor multivibrator of figure 181, is a two-stage 
resistance-capacitance coupled common-emitter 
amplifier with the output of the first stage coupled 
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to the input of the second stage and the output 

of the second stage coupled to the input of the 

first stage. Since the signal in the collector cir- 
cuit of a common-emitter amplifier is reversed 
in phase with respect to the input of that stage, 

a portion of the output of each stage is fed to the 

other stage in phase with the signal on the base 

electrode. This regenerative feedback with am- 
plification is required for oscillation. Bias and 
stabilization are established identically for both 
transistors. 

b. Circuit Description (figs. 181 and 182). 

(1) Because of the variation in tolerances of 
the components, one transistor will con- 
duct before the other or will conduct 
more heavily than the other. 

(2) Assuming transistor Q1 is conducting 

more heavily than transistor Q2, more 
current 7%); will flow in the base circuit of 
transistor Q1 than in the base circuit of 
@2. Collector current 7,, in transistor 
@1 increases rapidly, causing collector 
voltage V,, (fig. 182), and voltage at the 
junction of resistors #c, and Rm to de- 
crease (become more positive). This in- 
creasing positive voltage is applied 
through capacitor Cr, to the base of 
transistor Q2. 
As base voltage v7. of transistor @2 be- 
comes more positive, the forward bias de- 
creases, resulting in a rapid decrease in 
base current 7, and collector current 7%, 
in transistor @2. Collector voltage V2, 
and thus the voltage at the junction of 
resistors Ro, and 2, becomes more nega~ 
tive. This negatively increasing voltage 
is fed back through capacitor Cr, to the 
base of transistor Q1, increasing the for- 
ward bias. 

(4) The process in (1) and (2) above con- 
tinues until a point is reached where base 
voltage vp, of transistor @2 is made so 
positive with respect to the emitter that 
transistor @2 is cut off (reverse bias is 
applied) and transistor Q1 is saturated 
(total dc voltage Vo appears across resis- 
tor Ro). That is, the current through 
transistor @1 increases steadily as the 
current through transistor @2 decreases 
steadily until transistor Q@2 is cut off. 
Point A, figure 182, represents this ac- 
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tion. This entire action happens so 
quickly that capacitor Cr, does not get a 
chance to discharge and the increased 
positive voltage at the collector of transis- 
tor Q1 appears entirely across resistor 
Raz. 

During the period from A to B, figure 
182, collector current 7, and collector 
voltage vq remain constant and capacitor 
Cp, discharges through resistor Rm. As 
capacitor Cr, discharges, more of the pre- 
viously increased positive voltage at the 
collector of transistor Q1 appears across 
capacitor Cy, and less across resistor Rx,. 
This decreases the reverse bias on the base 
of transistor Q2. This action continues 
until the time at point B, figure 182, is 
reached, and forward bias is reestablished 
across the base-emitter diode of transistor 
Q2. 

Transistor @2 conducts. As collector 
current i,. in transistor Q2 increases, the 
collector voltage V2 becomes less nega- 
tive or more positive. This voltage, 
coupled through capacitor Cr: to the base 
of transistor Q1, drives it more positive 
and causes a decrease in current flow 
through transistor Q@1. The resulting in- 
creased negative voltage at the collector 
of transistor Q1 is coupled through capac- 
itor Cp, and appears across resistor pe. 
The collector current of transistor @2 
therefore increases. This process contin- 
ues rapidly until transistor Q1 is cut off. 
Transistor Q1 remains cut off (and tran- 
sistor Q@2 conducts) until capacitor Cr: 
discharges through resistor #r, enough to 
decrease the reverse bias on the base of 
transistor Q@1 (C, fig. 182). The cycle is 
repeated ((1) above). 

The oscillating frequency of the multi- 
vibrator is usually determined by the 
values of resistance and capacitance in the 
circuit. In the collector-coupled multi- 
vibrator of figure 181, collector loads are 
provided by resistors 2c, and Re. Base 
bias for transistor @Q1 is established 
through voltage divider resistors #s, and 
Rr. Base bias for transistor @2 is estab- 
lished through voltage divider resistors 
Rr, and Rg. Stabilization is obtained 
with emitter swamping resistor Rx, for 


Figure 181. 


transistor @1, and resistor Rg: for tran- 
sistor Q@2. Emitter capacitors Cz, and 
On, are ac bypass capacitors. 

(8) The output signal is coupled through 
capacitor (> to the load. This output 
waveform, which is essentially square, 
may be obtained from either collector. 
To have a sawtooth output, a capacitor is 
usually connected from collector to 
ground for development of the output 
voltage. 

Note. The multivibrator may be modified to 
produce a sinusoidal output wave. This is 
accomplished through the connection of a 


parallel-tuned circuit between the base elec- 
trodes of each transistor. 


182. Saturable-Core Square Wave Oscillator 

Transistors, functioning as high-speed switch- 
ing elements, used in conjunction with trans- 
formers, the core materials of which exhibit 
rectangular hysteresis loops, provide a form of 
multivibrator circuit, designed to produce a square 
wave output. This type of circuit (fig. 184) op- 
erates with greater efficiency and at higher fre- 
quencies than the common mechanical vibrator 
(a below) normally found in portable power 
supplies. The transistors, functioning as switches 
or relays, operate from cutoff to saturation (5 
below). The square wave output of this type of 
circuit may be stepped up or down and rectified, 
providing a de voltage higher or lower than the 
available source. When the circuit is used with 
a full-wave rectifier, almost no filtering is required 
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Transistor multivibrator. 


to eliminate ripple, because of the square wave 
output. 

a. General. Fundamental switching action 
such as occurs with a mechanical vibrator , is 
shown in A, figure 188. The vibrator contacts are 
simulated by ganged switches S101 and 8102. The 
action is such that when one switch is opened, the 
other switch is closed. With switch S101 closed, 
battery voltage Veo is applied across primary 
winding 1-2 of transformer 71. The polarities of 
the voltages induced in primary winding 3-4 and 
secondary winding 5-6 are as indicated (B, fig. 
183). When the switches are reversed, battery 
voltage Vcc is applied across primary winding 
3-4 with polarity reversed. Similarly, the voltage 
developed across secondary winding 5-6 is re- 
versed. When switching is accomplished quickly, 
the voltage waveform (Vex) across load resistor 
R_ is essentially square. 

b. Circuit Description (fig. 184). Operation of 
the inverter circuit basically depends on the 
switching of the transistors. That is, when tran- 
sistor @1 conducts heavily, it may be compared to 
closing switch S101 (A, fig. 183). Driving current 
is applied to the base of the transistor. Simul- 
taneously, transistor Q2, is at cutoff, being com- 
parable to opening switch S102. No driving cur- 
rent is applied. The transition from cutoff to 
heavy conduction and vice versa is extremely rapid 
to prevent transistor burnout and to provide a 
square wave output. At cutoff, the voltage across 
the transistor is high but current flow is low (ef- 
fectively zero). During heavy conduction, cur- 
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Figure 188. Mechanical switching circutt. 


rent flow is high but the voltage across the transis- 
tor is low. The switching time between these 
points is low, maintaining a low average power 
dissipation. 


Note. 


Resistors Rs and Rr establish the initial starting 


bias required for the bases of transistors Q1 and Q2. 


(1) 


(2) 


(3) 


Starting oscillation of the circuit depends 
on the unbalance existing between the ap- 
parent identical circuits of transistors Q1 
and @2. This is due to both external cir- 
cuitry and transistor unbalance. Because 
of this unbalance, more current will flow 
in one of the primary windings of trans- 
former 71 than in the other. 

Assume more current flows through pri- 
mary transformer winding 3-4 and the 
starting point on the hysteresis curve (B, 
fig. 184) is at point F (negative satura- 
tion region of flux in the transformer 
core). Transistor Q1 conducts, and the 
core flux moves from point F toward 
point B (positive saturation region) in- 
ducing a positive voltage in transformer 
windings 1-2, 4-5, and 6-7. Since cur- 
rent flow in the collector circuit is from 
the negative terminal of source voltage 
Vo, the induced voltages will be positive 
at the top of each winding as indicated 
by the polarity markings of transformer 
T1. Thus, the base voltage of transistor 
@1 is made more negative, driving it to 
heavy conduction while the base voltage 
of transistor Q2 is made more positive, 
driving it to cutoff. 

The flux in the core changes at a rela- 
tively constant rate until positive satura- 
tion is reached (point B). At core sat- 
uration, further increase in current does 


not increase the flux in the core. Since 
the flux remains comparatively constant, 
no voltage is induced in windings 1-2, 
4-5, and 6-7. This condition corresponds 
to point @ on the hysteresis curve. The 
induced voltages quickly fall to zero, re- 
moving the base driving current from 
transistor Q1 which makes it nonducting. 
Current flow in the collector circuit and 
through winding 3-4 stops. 


(4) With the removal of current flow in 


winding 3-4, the flux in the core falls 
from the value at point C towards the 
value at point A. Due to this small 
decrease of flux, voltages of opposite 
polarity to that which previously existed 
((2) above) are induced in all trans- 
former windings. Transistor Q1 is driven 
further into cutoff by the positive poten- 
tial on the base from feedback winding 
1-2; transistor Q2 is driven to conduc- 
tion by the negative potential on its base 
from feedback winding 6-7. The flux in 
the core, therefore is being driven from 
point A toward negative saturation at 
point E, During this period, transistor 
Q1 is maintained at cutoff while tran- 
sistor Q2 conducts heavily. Once nega- 
tive saturation of the core is reached, the 
switching of transistor Q1 from cutoff 
to conduction and transistor Q2 from 
conduction to cutoff occurs. The cycle is 
ready for repetition. 


(5) The output voltage developed across 


winding 8-9 is essentially a square wave. 
This is so because the core flux changes 
at a relatively constant rate from points 
F to B and from A to E. The output 
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Figure 184. Saturabvle-core square wave oscillator. 


frequency and voltage are determined 
by the turns ratio of the primary and 
secondary windings of transformer T1 
and the saturation flux of the core. 


183. Blocking Oscillators 

a. A blocking oscillator conducts for a short 
period of time and is cut off (blocked) for a much 
longer period. Blocking oscillators may be either 
free-running or triggered (par. 190). Only the 
free-running type is discussed in this paragraph. 

6. A basic circuit for the blocking oscillator is 
shown in figure 185. The similarity between this 
circuit and that of the tickler-coil oscillator of 
figure 166 should be noted. 

(1) When the circuit is energized, current 
rises rapidly in the base due to the for- 
ward bias established between base and 
emitter by de power supply Voc. Cur- 
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(2) 


(3) 


rent flow in the collector circuit increases 
in accordance with this base driving cur- 
rent. Due to the increasing collector 
current, a voltage which becomes more 
negative is induced in transformer wind- 
ing 1-2. This voltage charges capacitor 
Cr through the small forward resistance 
of the base-emitter diode, and appears 
across this resistance increasing the for- 
ward bias. Regeneration continues rap- 
idly until the transistor is saturated. 

At saturation, the collector current be- 
comes constant. Therefore, there is no 
longer any induced voltage in winding 
1-2 and a charging potential is no longer 
applied across capacitor Cy. Capacitor 
Cy begins discharging through resistor 
Ry. The field around winding 1-2 col- 
lapses and induces a voltage in the wind- 
ing in the reverse direction. That is, the 
base is driven positive (reverse bias). 
Base and collector current fall to zero. 
The transistor is held at cutoff until ca- 
pacitor Cp, discharging through resistor 
Fp, reaches the point at which the tran- 
sistor is forward-biased and conduction 
beginsagain. The cycle is then repeated. 
The output waveform (not shown) is a 
pulse, the width of which is primarily de- 
termined by winding 1-2. The time be- 
tween pulses (resting or blocking time) is 
determined by the time constant of re- 
sistor Ry and capacitor Cr. The output 
is coupled through transformer winding 
3-4 to the load by transformer winding 
5-6. 
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Figure 185. Blocking oscillator. 


184, Summary 


a. An oscillator is an amplifier with feedback 
of proper phase and amplitude. Transistors may 
be used in circuits similar to electron tube oscil- 
lator circuits. 

b. Power losses occur in the feedback and the 
frequency determining networks. The regenera- 
tive feedback must overcome these losses to per- 
mit sustained oscillation in the circuit. The 
amplitude of the oscillations is limited by the 
normal operation of the amplifier, the amount of 
feedback energy, and the nonlinear conditions 
of the circuit. 

c. Most transistor circuit parameters are 
changed if the operating point is changed, thus 
affecting the frequency of oscillation. Tempera- 
ture stabilization is also a prime factor in the 
stabilization of operating point and frequency. 

d. Bias and stabilization techniques for the 
transistor oscillator circuit are essentially the 
same as those for the transistor amplifier. 

e. The regenerative feedback signal must un- 
dergo a 180° phase shift when feedback is ac- 
complished from the collector to base. No phase 
shift is required when the feedback is from 
collector to emitter or from emitter to base. 

f. When feedback is obtained by simple trans- 
former coupling, the oscillator is called a tickler- 
coil oscillator. Tickler-coil oscillators may take 
the form of a tuned-collector oscillator or a 
tuned-base oscillator. 


g. As in its electron tube counterpart the Col- 
pitts transistor oscillator uses @ split capacitor in 
the tuned circuit. A modification of the Colpitts 
transistor oscillator which provides increased fre- 
quency stability is called the Clapp oscillator. 

h. The Hartley oscillator is similar to the Col- 
pitts oscillator except that a tapped coil instead 
of a split capacitor is used. 

i. A quartz crystal may be operated as either 
a series or parallel resonant circuit. Hither mode 
may be used in an oscillator circuit. 

j. Phase-shift oscillators use an RC network 
to provide the necessary regeneration. The out- 
put waveform is very nearly sinusoidal. 

k. The Wien-bridge-type oscillator is a form 
of phase-shift oscillator with increased amplitude 
and frequency stability. 

1. Oscillators, such as the multivibrator and the 
blocking oscillator which produce nonsinusoidal 
output waveforms, are called relaxation oscil- 
lators. 

m. The collector-coupled transistor multivibra- 
tor is similar to the plate-coupled electron tube 
multivibrator. 

n, The saturable-core square wave oscillator has 
higher efficiency and operates at higher fre- 
quencies than mechanical vibrators found in most 
portable equipments. The near square wave out- 
put when used in a full-wave rectifier circuit 
requires minimum filtering. 
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CHAPTER 11 
PULSE AND SWITCHING CIRCUITS 


Section 1. TRANSISTOR SWITCHING CHARACTERISTICS 


185. General 

a. Circuit Applications. Pulse and switching 
circuits are used in the radar, television, tele- 
metering, pulse-code communication, and comput- 
ing fields. The circuits function as generators, 
amplifiers, inverters, frequency dividers, and wave 
shapers providing limiting, triggering, and gat- 
ing and signal routing functions. Some typical 
circuits performing these functions are described 
in succeeding paragraphs. 

5. Nonlinear Operation. Pulse and switching 
circuits are normally characterized by large- 
signal, or nonlinear, operation of the transistor 
(par. 186). Operation of these circuits is nor- 
mally governed by the application of a pulse; 
a, discontinuous change in the level of voltage or 
current is usually experienced by the circuit (¢ 
below). The input signals (trigger pulses) pro- 
duce output signals having large and sudden 
changes in voltage or current. Such nonlinear 
operation results in an output wave form which 
may differ considerably from the input wave 
form (par. 188). 

e. Unit Step Voltage. 

(1) Pulse wave forms widely encountered in 
large-signal operation (par. 186) of the 
transistor are illustrated in figure 186. 
The changes in voltage levels with time 
are considered instantaneous and repre- 
sent the theoretical (ideal) pulse. The 
effect of the transistor on the ideal pulse 
is given in paragraph 187. 

(2) A voltage which undergoes an instan- 
taneous change in amplitude from one 
constant level to another is called a unit 
step voltage. In pulse and switching 
circuit applications when the unit step 
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(3) 


voltage is the applied signal, it is usually 
of sufficient magnitude to cause the cir- 
cuit to change from a state of conduction 
to one of cutoff or vice versa (par. 186). 
When the unit step voltage is the result 
of an applied signal to a switching cir- 
cuit, the circuit will have changed its 
state. 
A, figure 186, illustrates a positive unit 
step voltage. At time #1, the voltage 
level is éncreased (positively) by the 
magnitude V. The voltage level does 
not have to necessarily increase from 
zero to a positive voltage. If the initial 
voltage level was at a negative potential 
and then changed to zero, @ positive unit 
step voltage would be involved. B, fig- 
ure 186 illustrates a negative unit step 
voltage. At time 72, the voltage level is 
decreased (negatively) by the magnitude 
V. In this instance, the change in level 
could be from a high positive potential 
to one that is less positive. C, figure 186 
illustrates a square or rectangular pulse. 
At time #1, the voltage level is increased 
by the magnitude V. Between time ¢1 
and 42, a new constant voltage level is 
established. At time #2, the voltage level 
is decreased by the magnitude V. For 
instance, a square pulse (C, fig. 186) may 
be referred to as two unit step voltages, 
one positive and one negative. 

Note. The explanation of a untt step cur- 
rent is identical with that of unit step voltage. 
Current levels, rather than voltage levels, un- 


dergo instantaneous changes, either positively 
or negatively. 
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Figure 186. Unit step voltage waveforms, showing 
formation of a pulse. 


186. Large-Signal Operation 

In large-signal (nonlinear) operation, the tran- 
sistor acts as an overdriven amplifier with re- 
sultant changes in the conduction state and the 
de characteristics of the transistor (a below). 
The overdriven amplifier may be compared to a 
switch or relay (6 and ¢ below). Advantages 
and disadvantages of using the different tran- 
sistor configuration as switches or relays are 
given in d@ below. 

a, Output Characteristics. 

(1) The C£ output characteristics of a typi- 
cal PNP transistor are shown in A, figure 
187. The characteristics are arranged in 
three regions; cutoff, active, and satura- 
tion. An arbitrarily chosen loadline and 
the maximum permissible power dissipa- 
tion curve (par. 102) are also shown. 
The cutoff and saturation regions are 
considered the stable or quiescent regions 
of operation. A transistor is considered 
in the off (nonconducting) or on (con- 
ducting) state when it is operated in the 
cutoff or saturation regions respectively. 
The third region of operation, referred 
to as the active region, is considered the 
unstable (transient) region through 
which operation of the transistor passes 
while changing fromthe off to on state. 

(2) The effect of base bias voltage Vex on 
collector current Zg (6(1) below), in the 
cutoff and active regions is illustrated in 
B, figure 187. 

b. Transistor Switching Circuit. A typical 
transistor switching circuit, is illustrated in A, 
figure 188. Switch S1 controls the polarity and 
amount of base current from battery Va, or Va. 
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Figure 187. Transistor characteristic curves, switching 
application. 
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Resistors 2s, and s, are current-limiting resis- 
tors. The emitter-base and collector-base diode 
and switch equivalent circuits representing the off 
and on (dc) conditions of the transistor switching 
circuit are shown in B and C, figure 188. Each 
region of operation (a(1) above) is discussed in 
(1) through (3) below. 

(1) Cutoff region. 

(a) The cutoff region (A, fig. 187) includes 
the area above the zero base current 
curve (J2=0). Ideally, with no initial 
base current, there would be zero col- 
lector current; the collector potential 
would equal battery voltage Veco (A, 
fig. 188). However, at point X on the 
loadline (A, fig. 187), a small amount 
of collector current is measured. (See 
horizontal projection to collector cur- 
rent axis.) This is more clearly indi- 
cated in B, figure 187, where at zero 
base bias voltage (point X), collector 
current Zg equals approximately 0.05 
ma. This is the reverse bias collector 
current (par. 43) for the CZ configura- 
tion. Note that the application of a 
small reverse base bias voltage V zz (ap- 
proximately 0.075 volt, positive for a 
PNP transistor), reduces the value of 
reverse bias collector current to the 
value of Jozo (par. 188). Thecollector 
voltage Voz is indicated by the vertical 
projection from point Y (A, fig. 187) 
to the collector voltage axis. This 
value is equal to the difference in mag- 
nitude between the battery voltage (12 
volts in this instance) and the voltage 
drop produced by reverse bias collector 
current flow through load resistor 1, 
(A, fig. 188). Normal quiescent con- 
ditions for a transistor switch in this 
region require that both emitter-base 
junction and collector-base junction 
must be reverse biased ((b) below). 

(b) With switch S1 (A, fig. 188) in the 
OFF position, the emitter-base junc- 
tion is reverse biased by battery Vase 
through resistor Rg.. This is compa- 
rable to the application of a positive 
unit step voltage (par. 185c). The col- 
lector-base junction is reverse biased by 
battery Voo through load resistor 71; 
the transistor is in the off (cutoff) state. 
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In the diode equivalent circuit of the 
transistor (B, fig. 188), diodes Cy and 
CRe¢ represent the emitter-base and col- 
lector-base junctions, respectively. Di- 
ode CRz is reverse biased by voltage 
Var; diode CRy is reverse biased by 
voltage Ves. Ideally there is no current 
flow through load resistor #, and col- 
lector-emitter voltage Voz (output volt- 
age) equals collector battery voltage 
Vec. The circuit, as a switch, is open 
(C, fig. 188). The initially applied 
bias causes switches S, and S2 (which 
represent the diode equivalents (1) 
above) to open the output circuit. 


(2) Active region. 
(a) The active linear region (A, fig. 187) 


(6 


~— 


is the only region providing normal 
amplifier gain. In the linear region, 
the collector-base junction is reverse 
biased and the emitter-base junction is 
forward biased. Transient response of 
the output signal (par. 187) is essen- 
tially determined by transistor char- 
acteristics (ch. 4) in this region. In 
switching circuits, this region repre- 
sents the transition region. 

Operation of switch S1 (A, fig. 188) to 
the ON position is comparable to the 
application of a negative unit step volt- 
age. Forward bias is established by 
battery Va, through resistor #,,, on 
the emitter-base junction, and the base 
current Zp and collector current Jo, 
become transitory in nature, moving 
from point X (A, fig. 187) on the load- 
line to point Y; here, collector current 
reaches saturation ((3) below). The 
signal passes through this region 
rapidly. In switching circuits, this 
region is of importance only for design 
considerations. 


Note. The loadline (A, fig. 187) is shown 
passing through the area beyond the maxi- 
mum permissible power dissipation curve. 
For normal amplifier operation of a transis- 
tor, this is undesirable. In switching cir- 
cuits, however, the excursion of the collector 
current through this area is very rapid, and 
the average power dissipated within the 
transistor falls within the acceptable maxi- 
mum limitation (par. 102). 


tion is generally avoided because of its 
effect on the transient response of the 


(3) Saturation region. 
(a) In the saturation region (A, fig. 187), 


an increase in base current does not 
cause an appreciable increase in collec- 
tor current /¢. At point Y, on the load- 
line, the transistor is in the saturation 
region. Collector current /¢ (measured 
by a horizontal projection from point 
Y) is at a maximum, and collector 
voltage Vcz (measured by a vertical 
projection from point Y) is at a mini- 
mum. This value of collector voltage 
is referred to as the saturation voltage 
(Vear), and is an important charac- 
teristic of the transistor. Deep satura- 


transistor (par. 187). 


Note. The saturation region is also re- 
ferred to as the bottomed region. 
When collector current Zc reaches its 
limited value (battery voltage Voc (A, 
fig. 188) divided by the value of load 
resistance #;,), the transistor saturates 
and is in the on, or conducting state. 
In the diode equivalent circuit of the 
transistor in saturation (B, fig. 188), 
diodes CRg and CR, are forward 
biased. Diode CRz is forward biased 
by input voltage Vas ((2) above). 


A. TRANSISTOR SWITCHING CIRCUIT 


be 


cRo 


SWITCH OPEN 


SWITCH CLOSED 


C. SWITCH EQUIVALENT OF TRANSISTOR SWITCHING CIRCUIT 


Figure 188. 
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Transistor switching circuit. 
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Saturation (output) voltage Vox, drops 
to a smaller negative value than input 
voltage Vz; the difference in poten- 
tial of these voltages causes the forward 
bias (Voz) on diode CR>. The equiv- 
alent switch circuit (C, fig. 188) is 
closed. Switches S1 and S2 close the 
circuit for battery Voc through load 
resistor 2; 

Note. The circuit may also be switched 
from the on state to the off state in a similar 
manner, Small input voltage or current 
pulses may be used to control large output 
voltage or current pulses. For example, an 
input voltage swing of approximately .2 volt 
causes an output voltage swing of approxi- 


mately 11.1 volts for a particular transistor. 
Correspondingly, an input current swing of 
180 microamperes results in an output cur- 
rent swing of approximately 2,800 micro- 
amperes. An average current gain ase of 
approximately 15.5 is obtained. 
ce. PNP Transistor Switching Conditions in 
Operating Regions. The following chart lists the 
transistor items of interest (first column) relative 
to biases, resistances, gains, currents, and volt- 
ages and gives their condition or relative value 
in the three regions of operation. The chart 
covers a PNP transistor in the CE configuration 
(A, fig. 188). Voltage polarities are given with 
respect to ground. 


Item 


Region 


Cutoff 


Emitter-base junction. - _._ 
Collector-base junction. ___ 
Input resistance---__..._- 
Output resistance____...__ 


Current gain.-_---.-__.._- DOUG oe bow ena ete tee 
Base current. -.--.------- PMO s ose oe naeseassocoecntwe 
Base voltage_-----.-.---- Positive (note)..._---------- 
Collector current____.___-- Zero ons re ce eh oe od 


Colleetor voltage_.__.-_-.- 


Active (on, transitory) Saturation (on, fully) 


Forward biased. 
Forward biased. 


Low (zero)...-.____---.-.-- Low (zero). 

Highoo. seed tecetecuiuvls Low (zero). 
Normal 23. 2 2225 55232222 Zero. 
Transitory......-__--------- High. 

Negative (transitory). -....-- Negative. 
Transitory._......---------- High (maximum). 
Negative (transitory) -------- Zero. 


Note. For NPN transistors, conditions are as in the above chart except that polarities are reversed. 


d. Transistor Configurations as Switches. Re- 
gions of operation (a above) are similar for all 
transistor configurations used as switches. When 
both junctions of a transistor are reverse biased 
(cutoff condition), the output current is very 
small, and the output voltage is high. When 
both junctions are forward biased (saturated con- 
dition), the output current is high, and the out- 
put voliage is small. For most practical purposes, 
the small output current in the cutoff condition 
of the transistor and the small output voltage in 
the saturated condition may be neglected. 

(1) Common base (A, fig. 40). For large- 
signal operation, the CB configuration 
acts as a series switch. The output 
(collector) current is essentially a large 
percentage of the input (emitter) cur- 
rent. For practical purposes, these cur- 
rents may be considered equal. Transient 
response (par. 187) of this configuration 
is better than that of the other configura- 
tions ((2) and (3) below). The CB 
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configuration is best for use in high- 
speed switching circuits. In addition, its 
low input resistance and high output re- 
sistance make it effective for impedance 
matching purposes. 

Common emitter (C, fig. 40). When 
used in pulse and switching circuits, this 
configuration acts as a shunt switch. 
That is, the input (base) current acts 
only to regulate or control the output 
(collector) current. The transient re- 
sponse of the CE configuration to an 
input pulse is poorer than that of the 
CB configuration. This is caused by the 
large drop in current gain at high fre- 
quencies. This configuration is used at 
frequencies lower than that of the CB 
configuration (assuming the same tran- 
sistor is involved). Despite its lower fre- 
quency response, however, the CE con- 
figuration is preferable because of its 


(2) 


high power gain. In addition, only this 
configuration provides phase inversion. 

Note. The cutoff frequency (f.) of a tran- 
sistor is the frequency at which the current gain 
drops 3 db from the maximum gain. Because 
of the direct relationship between the current 
gain of the CB configuration and the CH con- 
figuration, a small change in f,» results in a 
large change in fae. Therefore, when fa» drops 
3 db, fae drops considerably more. Thus, the 
cutoff frequency of the CE configuration is lower 
than that of the CB configuration. 

(3) Common collector (E, fig. 40). The CC 
configuration (emitter follower) like the 
CE configuration functions as a shunt 
switch ((2) above). The voltage gain 
is essentially unity. The properties of 
a high input impedance and low output 
impedance of this configuration in its 
active region make it generally applicable 
as a buffer and impedance matching cir- 
cuit. Circuits using this configuration 
are normally not driven to saturation 
because of the loss in input and output 
impedance properties. 


187. Large-Signal Pulse Characteristics 


When switch S1 (A, fig. 188) is operated in 
sequence from OFF to ON and then back to OFF, 
the resultant input current pulse /s is similar to 
that shown in A, figure 189. In large-signal op- 
eration, rectangular input signal Js drives the 
transistor from cutoff to saturation and back to 
cutoff. The distorted output current pulse Zo (B, 
fig. 189) results because the transistor cannot re- 
spond instantaneously to a change in signal level. 
The response of the transistor during rise and fall 
time is called the transient response of the cir- 
cuit. The output pulse characteristics (a through 
d below), are governed primarily by the ac char- 
acteristics of the transistor. 

Note. The transient response of a transistor basically 
determines the maximum repetition rate (speed of switch- 
ing) at which the transistor may be driven. 

a. Rise Time (tr). The rise time (also referred 
to as buildup time or turn-on time) is time re- 
quired for the leading edge of the pulse to increase 
in amplitude from 10 to 90 percent of its maxi- 
mum value. Nonlinear characteristics of the tran- 
sistor, the external circuit, and energy storage 
effects (c below) contribute to the time. Carriers 
moving from emitter to collector suffer collision 
and dispersion and do not reach the collector at the 


same time. Overdriving the transistor results in 
decreased rise time. However, the overdrive is 
normally held to a small value, since the turnoff 
time (storage time plus fall time (c and @ below)), 
is affected. 

b. Pulse Time (tp). The pulse time, or duration 
time, is the length of time that the pulse remains 
at, or near, its maximum value. The pulse time 
duration is measured from the point on the lead- 
ing edge where the amplitude of the pulse has 
reached 90 percent of its maximum value to the 
point on the trailing edge where the amplitude has 
fallen to 90 percent of its maximum value. 

ce. Storage Time (Minority Carrier Storage) 
(ts). When the input current, Zs, is cut off, the 
output current, Zc, does not immediately fall to 
zero, but remains almost at its maximum value for 
a Jength of time before falling to zero (d below). 
This period is called the storage time, or satura- 
tion delay time. Storage time results from in- 
jected minority carriers being in the base region 
of the transistor at the moment when the input 
current is cut off. These carriers require a definite 
length of time to be collected. The length of stor- 
age time is essentially governed by the degree of 
saturation into which the transistor is driven and 
the time spent in saturation. The base current 
(Is) reversal that occurs between points X and Y, 
at the end of the input pulse, is the result of the 
stored carriers contributed by the current gain at 
the transistor multiplied by the initial input cur- 
rent, Zs. When this current value decays to a 
value equal to the value of maximum current at 
saturation, the collector-base diode becomes re- 
verse biased, and both Zs and J, decay exponen- 
tially to zero. For high speed switching, storage 
time is an undesirable condition. Minority car- 
rier storage may be avoided by switching a tran- 
sistor from its off state to a point in the active re- 
gion. Collector clamping (par. 189) prevents 
operation of the transistor in the saturation region. 

d. Fall Time (t+). In the fall or decay time of 
the pulse, the amplitude falls from 90 to 10 percent 
of its maximum value. The fall time of the pulse 
is essentially determined by the same factors which 
determine its rise time (a above). Fall time may 
be slightly reduced through the application of a 
reverse current at the end of the imput pulse. 


Note. The turnoff time of a transistor switch is gen- 
erally determined by the sum of the storage time and fall 
time. Decreasing either the storage time or fall time or 
both results in decreased turnoff time. The pulse repeti- 
tion rate of the circuit is thereby increased. 
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Figure 189. Current pulse characteristics, switching 
circuit. 


188. Leakage Currents 

a. CE and CB Configurations. For a transistor 
to act as a switch (par. 186), the output current 
should be zero when the transistor is in the cutoff 
stage (switch open). This ideal condition, how- 
ever, cannot be achieved in practice. 

(1) In the CB configuration (A, fig. 190) 
with the emitter current equal to zero 
(Jz=0), a reverse bias collector current 
flows. This current is caused by minority 
carriers in the collector and the base re- 
gions. A detailed discussion of the in- 
ternal conduction mechanism that causes 
this current (Jcez0) is covered in para- 
graph 43. In the CB configuration, the 
reverse bias current, also called leakage 
current, is normally small (measured in 
microamperes) and can be tolerated in 
most applications. The effect of temper- 
ature on leakage current /cz0 is discussed 
in chapter 5. 

(2) In the CE configuration (B, fig. 190), 
leakage current /¢zo from emitter to col- 
lector is much larger than that of the CB 
configuration ((1) above). Leakage cur- 
rent Zgzo is measured from collector to 
emitter with the base terminal open 
(Jz=0). Leakage current Jozo is caused 
by leakage current Iczo0. Reverse bias 
minority carriers (electrons, solid line 
arrow) in the collector region enter the 


194 


base region and combine with holes 
(dashed-line arrow) from the emitter re- 
gion. Before combining, however, the 
electrons cause a heavy hole current to 
flow from the emitter to the collector. 
That is, the electrons from the collector 
act as a base current bias to cause an 
amplified collector current. The magni- 
tude of this current is the product of the 
CE forward current amplification factor 
(aye) and the base current (/ez0). The 
total leakage current then is: 


Loro=Icz0+apeLen0 


=I¢z0 (1+ ay) 


Note that the factor (1+a,.) ranges from 
25 to 50 depending on the particular 
transistor. Methods for reducing Iczo 
are discussed in } below. 

b. Reduction of Iono. UWeakage current Joxz0 
can be reduced by several circuit arrangements. 
Regardless of the method used, leakage current 
Tono cannot be made less than leakage current 
Lozo. 

(1) If the de base resistance is reduced to zero 
(A, fig. 191), the minority carriers (Jczo) 
that enter the base region from the col- 
lector easily move from the base region 
through the external circuit to the col- 
lector. This low resistance is provided 
by inductor Z1. In this case, with no in- 
put (/s=0), the collector leakage cur- 
rent (Jczo) equals Jcxo. 

(2) In cases where an inductor or de short 
cannot be used, a low-valued resistor (/1) 
between base and emitter may be used 
(B, fig. 191). The flow of current Jezo 
through resistor #1 causes a small for- 
ward bias which results in the flow of 
base-emitter current 7s. The latter, em- 
plified by a factor, a/., appears in the col- 
lector aS «fels. The smaller 71, the lower 
the collector current Zczo. In this case: 


Lon0=Lcp0t af ln. 


(8) Ifa high input resistance is required with 
a low leakage current (/ozo), a reverse 
bias battery (Vaz) in series with a high- 
valued resistance can be used (C, fig. 191). 
Note that the reverse bias battery voltage 
attracts the minority current (electron) 
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Figure 190. Leakage currents Iczo and Ioxo. 


carriers (Ico) from the base region. In 
addition, emitter-base current (Ig) is re- 
duced to zero so that the only current 
flowing is leakage current Ic¢go (which is 
leakage current Iczo). 


189. Cutoff and Saturation Clamping 


When a transistor is driven to saturation and 
cutoff, it may introduce undesirable effects on 
the output wave form. Variations in collector 
potential occur when either the temperature-de- 
pendent cutoff current or the load changes. This 
change in collector potential may cause erratic 
operation of the succeeding stages. When a 
transistor is driven to saturation, minority car- 
rier storage delay is introduced (par. 187c) with 
the effects of pulse widening and reduction in 


the maximum repetition rate at which the circuit 
may be driven. The use of junction diodes to 
avoid transistor operation at cutoff or at satura- 
tion is given in a below. Alternate methods of 
diode clamping (6 below) have been devised to 
avoid saturation of the transistor. 

a. Collector-Emitter Clamping. In the circuit 
shown in A, figure 192, a PNP transistor is used in 
the CE configuration as a simple switching circuit. 
Current / is assumed to be of sufficient magnitude - 
to drive the transistor from cutoff to saturation 
under norma] conditions (that is, without clamp- 
ing diodes C#1 and C2, and their respective bias 
batteries Vco and Ves). The output characteris- 
tics with load line of resistor 2, are shown in B, 
figure 192. In this example, collector bias battery 
voltage Voc is 12 volts. Diode (1 and bias bat- 
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Figure 191. Circuits for reduction of leakage current Iocxo. 


tery Vco are used for cutoff clamping ((1) below). 
Junction diode C2 and its bias battery, Vos, are 
used for saturation clamping ((2) below). 
Clamping the upper and lower levels of the output 
permits the substitution of one transistor for an- 
other in this circuit. 


Note. Since operation with clamping diodes generally 
results in operation over the linear portion of the output 
characteristics, the low current at cutoff and the low 
voltage at saturation are eliminated. Average power dis- 
sipation is increased and the load line must be chosen so 
that operation of the circuit falls within the maximum 
permissible power dissipation curve (fig. 187) to avoid 
damage to the transistor. 
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(1) 


(2) 


Cutoff clamping. Assume that input cur- 
rent Zp has begun to fall from 150 ua at 
point Y (B, fig. 192). The collector po- 
tential increases negatively from 2 volts 
at this point. As indicated, the bias po- 
tential applied to diode CR1 by battery 
Veo is 8 volts. As the collector potential 
increases from 2 volts toward 8 volts, 
diode CR1 remains reverse biased (non- 
conducting). When the collector poten- 
tial reaches point X (/s;=50pza) on the 
load line (8 volts), diode C1 becomes 
forward biased and begins to conduct. 
Further decrease in input current Jz to 
zero has no effect on the collector poten- 
tial, which remains fixed at 8 volts even 
though collector current Jo decreases 
(Vco holds Voz at 8 volts). Current flow 
through load resistor R,, however, is 
maintained at the value at point X (about 
1 ma) on the collector current axis and 
consists of collector current 7g) and the 
current through forward-biased diode 
CRI and battery Veo. The voltage drop 
across resistor 7, is equal to the difference 
(approximately 4 volts) between the 
voltages of battery Voc and battery Vo. 
Any change in collector current Jc, which 
does not cause it to exceed the value at 
point X, is compensated for in the amount 
of current drawn from battery Voc. 
Equilibrium is maintained and the out- 
put potential is fixed at 8 volts. 

Note. Throughout the foregoing action, 
diode CR2 remains reverse biased and Is ef- 
fectively an open circuit. 

Saturation clamping. Disregarding di- 
ode CR1 and its bias battery Vco, which 
are involved only in establishing the cut- 
off collector potential ((1) above), as- 
sume that input current Js is increased to 
150 ua at point Y (B, fig. 192). The col- 
lector voltage, indicated by the vertical 
projection to the collector voltage axis, 
has fallen from a high negative value to 2 
volts. The voltage drop produced by the 
increasing collector current J, flowing 
through load resistor 2, causes the volt- 
age on the collector to fall. The bias 
voltage provided by battery Vog is equal 
to 2 volts. A slight further increase in 


(3) 


collector current 7¢, due to an increase in 
driving current Z;, further decreases the 
negative potential on the collector, for- 
ward-biasing diode C22, which conducts. 
When diode C22 conducts, its resistance 
is negligible and bias battery Vos is 
effectively placed between collector and 
ground. This voltage cannot change and, 
since it is in parallel with collector dc 
supply Veo and load resistor 2, the volt- 
age across this branch cannot change. 
The current flow through load resistor P, 
is fixed to provide the necessary voltage 
drop so that the collector to ground po- 
tential is equal to that of bias battery 
Vog. In this instance, the load current 
is approximately 3 ma. Although the 
collector current may further increase, be- 
cause of an increase in base current, the 
potential at the collector remains fixed at 
2 volts. The additional collector current 
is drawn from battery Vog through con- 
ducting diode CR2. The vertical exten- 
sion of the loadline from point Y repre- 
sents the zero resistance loadline of 
forward-biased diode CR2. The normal 
loadline extending from point Y to the 
collector current axis (dashed line) can 
be seen to enter the saturation region, 
which falls beyond the knee of the curve 
of Z2=200 ua. The collector-base diode 
would be forward-biased in this region 
(par. 1866). When the driving current 
is reduced to zero, the collector current, 
To, falls rapidly from its maximum value 
to point Y and then follows the normal 
loadline toward point XY. However, any 
minority carrier storage introduced by 
the clamping diode would affect the width 
of the output pulse. To the left of point 
Y on the loadline, the collector potential 
is more negative than 2 volts. Diode 
CR2 is reverse biased and is therefore in 
A nonconducting state. 

Combination clamping. The effect of 
cutoff and saturation clamping ((1) and 
(2) above) is to keep the collector po- 
tential in the range of —2 and —8 volts, 
thereby preventing cutoff or saturation 
and the resultant waveform distortion. 
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Figure 192. Cutoff and saturation clamping. 


b. Collector-Base Saturation Clamping (fig. 
193). More efficient switching action is obtained 
through the use of the single-diode ((1) below) 
and double-diode ((2) below) collector-to-base 
clamp. 

(1) Single-diode clamping (A, fig. 193). 

(a) In the cutoff condition of the transis- 
tor, diode C1 and the emitter-base 
diode are reverse-biased by the voltage 
divider network consisting of resistors 
1, R2, and Pz in series with collector 
and base bias batteries Veo and Van. 
When batteries Voc and Vz are equal, 
the sum of the resistances of resistors 
#1 and #2 is made slightly greater 
than the resistance of resistor 2g. This 
provides the required initial reverse 
bias for the emitter-base junction. Re- 
sistor #1 is very much larger than re- 
sistor #2, the ratio of the two resistors 
being determined by the desired clamp- 
ing voltage when the transistor is 
conducting. 

(5) Assume that an applied signal (/1~) 
forward-biases the emitter-base junc- 
tion, and drives the circuit to satura- 
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tion. The potential at the junction of 
resistors #1 and #2 is negative and 
effectively fixed near the very low sat- 
uration voltage of the transistor used. 
The collector potential falls from its 
high negative value (Vcc) to the value 
of the potential at the junction of re- 
sistors Rland R2. During this period, 
diode CF1 is nonconducting and base 
current /, is equal to the input current, 
Zix. Load current /;, is equal to col- 
lector current 7¢ and is the amplified 
driving current, Ziv. When the col- 
lector potential falls just below the po- 
tential at the junction of resistors 71 
and #2, diode (#1 conducts. As input 
current /,,, increases further, base cur- 
rent J, remains essentially constant and 
the excess current is shunted through 
resistor 22 and diode CR1. Collector 
current Z¢ increases by approximately 
the small value of the excess input cur- 
rent rather than by the amplified mput 
current prior to the clamping effect. 
Since relatively small currents are 
passed through conducting diode C1, 
the minority carrier storage delay con- 
tributed by the clamping diode is 
smaller than that contributed by the 
clamping diode in the circuit of figure 
192 (par. 1894¢(2)). 

(2) Double-diode clamping. Battery power 
dissipated in resistors #1 and #2 (A, fig. 
193) is avoided by using double-diode 
clamping. Diode CF1 (B, fig. 198) fune- 
tions as a clamping diode ((1) above). 
Forward-biased diode C2 is substituted 
for resistor #2. 

(a) The emitter-base junction is reverse 
biased by battery Vas through resistor 
Rs. Collector reverse bias is provided 
by battery Voc through load resistor 
R,. Diode CR2 remains forward- 
biased throughout the functioning of 
circuit. (A negative signal must be 
applied to the base to drive the tran- 
sistor into conduction.) Generally, a 
germanium diode, with a low forward 
voltage drop, is used as the clamping 
diode (CR1) and a silicon diode, with 
a slightly higher forward voltage drop, 
is used as the biasing diode (CF2). 


(b 


~~ 


For example, in a typical application, 
diode C71 provides a forward voltage 
drop of 1 volt and diode C22 provides 
a forward voltage drop of 1.2 volts. 
This essentially maintains a reverse 
bias of 0.2 volt between collector and 
base after clamping action takes place 
((b) below). 

Circuit functioning is similar to that 
of the single-diode clamping circuit 
((1) (8) above). All of input current 
Zw is applied to the base while diode 
CR1 remains reverse-biased. This con- 
dition exists until load current 7; drops 
the collector potential just below the 
potential at the junction of diodes O#1 
and CR2. (The base potential is more 
positive than the potential at this point 
by the value of the voltage drop across 
diode CR2.) Diode CF1 becomes for- 
ward biased and shunts the excessive in- 
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Figure 198. Single-diode and double-diode (collector- 


base) saturation clamping. 


put current to the collector. The 
smaller voltage drop across diode CP1 
maintains the reverse collector-base 
bias at the difference between the for- 
ward voltage drops across diodes CR1 
and CR2 ((a) above). During the 
clamped condition, load current /; is 
equal to aseZ, and collector current J¢ 


is equal to the sum of load current /;, 
and the shunted portion of input cur- 
rent Jiy. The latter is again small and 
not an amplified current ((1) (5) 
above). Thus, it contributes little to 
output pulse widening. The maximum 
pulse repetition rate of the switching 
circuit is thereby increased. 


Section fl. TRIGGERED CIRCUITS 


190. Triggered Circuits, General 


A triggered circuit is one in which an exter- 
nally applied signal causes an instantaneous 
change in the operating state of a circuit. Once 
the applied signal (trigger pulse) has initiated 
the change, the circuit uses its own power to 
complete the operation (trigger action). Trig- 
gered circuits operate in the astable (a below), 
monostable (b below), or bistable (¢ below) mode 
of operation. Each mode of operation passes 
through stable regions (cutoff and saturation) 
and unstable regions (active or transition). 

a. Astable Operation. The astable mode of 
operation results in relaxation-type oscillations. 
The operating point for this mode of operation 
is in the active region (fig. 187). Astable cir- 
cuits are free-running circuits. The free-running 
multivibrator circuit is a typical astable circuit 
(par. 181). Trigger pulses are used for syn- 
chronizing purposes. 

b. Monostable Operation. The quiescent (op- 
erating) point of the monostable mode of opera- 
tion is in one of the stable regions. When the 
circuit is triggered by an external pulse, its 
operating point is moved from the initial stable 
region to the other stable region. The time con- 
stant of the circuit elements holds the operating 
point in the new stable region for a period of 
time. The operating point then moves back to 
the original stable region. An example is the 
monostable multivibrator (par. 191), also referred 
to as a one-shot, single-shot, or single-swing 
multivibrator. The operation is also referred 
to as flip-flip action; a trigger pulse is required 
to flip the state of the circuit, which of its own 
accord flips back to its original state. 

c. Bistable Operation. The quiescent operating 
point of the bistable mode of operation is also in 
either of the stable regions (b above). When the 
circuit is triggered by an external pulse, its op- 
erating point moves from one stable region to the 


other. The circuit remains in this second state 
until a second trigger pulse is applied; the circuit 
then returns to its original state. The Eccles- 
Jordan multivibrator (par. 198@) operates in the 
bistable mode. Operation of this type of circuit 
is also referred to as flip-flop action. That is, 
two trigger pulses are required; one to flip the 
state of the circuit and the second to flop the 
circuit back to its original state. 


191. Monostable Multivibrator 


A basic (monostable) multivibrator is shown in 
figure 194. Circuit voltage wave forms are shown 
in figure 195. Bias arrangements (a below) and 
transistor regeneration hold transistor @2 in sat- 
uration and @1 at cutoff during the quiescent or 
steady state period. A pulse of short duration 
(par. 1876) is applied and the multivibrator cir- 
cuit functions until 1 full cycle is completed (3 
below). 

a. Quiescent Condition. Battery Vcc provides 
the necessary collector bias voltages for both tran- 
sistors and forward bias for transistor Q@2. Tran- 
sistor @2 is in saturation during the quiescent 
period. Negative potential v,2, at the collector of 
transistor Q2, is effectively zero or ground. The 
reverse bias provided by battery Vas and the 
voltage developed across resistor Rp: maintains 
transistor Q1 at cutoff. Collector potential v., is 
negative and equal to the value of battery voltage 
Voc. Capacitor Cr, provides rapid application of 
the regenerative signal from the collector of tran- 
sistor @1 to the base of transistor @2, and it is 
charged to battery voltage Vcc through resistor 
1, and the essentially shorted base-emitter junc- 
tion of forward-biased transistor @2. 

b. Circuit Operation. The circuit is described 
with a negative pulse applied at the input ((1), 
(2) and (3) below), but other means of triggering 
may be used. 

(1) A negative pulse is applied through 
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Figure 194. Monostable multivibrator. 


coupling capacitor Cc to the base of tran- 
sistor Q1, and transistor Q1 begins to 
conduct. The high negative voltage at 
the collector of transistor Q1 begins to 
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Figure 195. Monostable multiwibrator waveforms. 


(2) 


(3) 


fall (becomes more positive). This posi- 
tive-going voltage is coupled to the base 
of transistor Q2, and the forward-bias is 
decreased. The base current and collec- 
tor current of transistor Q2 begin to de- 
crease. The collector voltage of transistor 
@2 increases negatively. A portion of 
this voltage is coupled through resistor 
Rr, to the base of transistor Q1, increas- 
ing its negative potential. This regenera- 
tion results in a rapid change of both 
transistors; it drives transistor @1 into 
saturation and transistor @2 into cutoff. 
Since capacitor Cr, was initially charged 
to a potential almost equal to battery 
voltage Vcc (a above), the base of tran- 
sistor Q2 is at a positive potential almost 
equal to the magnitude of battery voltage 
Vee. 

Capacitor Cy, discharges through resistor 
Rr, and the low saturation resistance of 
transistor Q1. Base potential v. of 
transistor @2 becomes less positive. 
When the base potential of transistor Q2 
becomes slightly negative, transistor Q2 
again conducts. The collector potential 
of transistor Q2 increases positively and 
is coupled to the base of transistor @1, 
driving it into cutoff. Transistor Q1 is 
again at cutoff and transistor @2 is in 
saturation with its collector voltage al- 
most at zero. This stable condition is 
maintained until another pulse triggers 
the circuit. 

The output is taken from the collector of 
transistor G2. The wave form at this 


point is essentially square. Time dura- 
tion of the output pulse is primarily de- 
termined by the time constant of resistor 
Rr, and capacitor Cy, during discharge 
((2) above). 


192. Triggered Blocking Oscillator 

The major difference between the triggered 
(monostable) blocking oscillator (A, fig. 196) and 
the astable or free running blocking oscillator 
(par. 183) is due to the bias arrangement. In the 
astable mode of operation, the base-emitter junc- 
tion is forward-biased and the circuit functions 
as soon as de power is applied. In the monostable 
mode of operation, the base-emitter junction is 
reversed-biased (a@ below) and the transistor is 
held at cutoff. The output obtained is a single 
cycle for each pulse applied at the input (B, fig. 
196). The blocking oscillator exhibits minority 
carrier storage (par. 188¢) and excessive back- 
swing which are undesirable. The modified trig- 
gered blocking oscillator (6 below), overcomes 
these characteristics. 

a, Typical Blocking Oscillator (fig. 196). In 
the quiescent state, the transistor is held at cutoff 
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Figure 196. Triggered blocking oscillator. 


by the reverse bias between the base and emitter 
provided by battery voltage Vas. The collector- 
base junction is reverse biased by battery Vee. 
Transformer 7'1 provides regenerative feedback 
and couples the output signal to the load. Capaci- 
tor Cr acts as a de blocking capacitor. Capacitor 
Co couples the input signal to the base of the 
transistor. 

(1) A negative trigger pulse is applied at the 
input and the transistor begins to conduct. 
Collector current flows through trans- 
former winding 3-4 and produces a vary- 
ing magnetic flux that induces a voltage 
of opposite polarity in transformer wind- 
ing 1-2. This voltage is coupled through 
capacitor C’» to the base of the transistor 
and supplies regenerative feedback. This 
action continues until the transistor is 
driven into saturation and collector cur- 
rent ceases to increase. 

(2) Since the collector current becomes con- 
stant, no feedback voltage is induced in 
transformer 71 and the reverse bias pro- 
vided by battery Vz3 cuts off the transis- 
tor. The collector current continues to 
flow for a short while because of minority 
carrier storage. 

(3) When the collector current stops flowing, 
the collapsing field around transformer 
winding 1-2 induces a voltage in winding 
3-4 which exceeds the value of battery 
voltage Ver (B, fig. 196). In some in- 
stances, this backswing voltage may ex- 
ceed the collector breakdown of the 
transistor. Driving the transistor into 
the saturation region introduces the un- 
desired effect of minority carrier storage 
(par. 187c). A means of preventing 
transistor breakdown and operation in 
the saturation region is given in } below. 

b. Diode Clamped Blocking Oscillator (Nonsat- 
urating). A modified triggered blocking oscilla- 
tor (fig. 197) prevents voltage breakdown and re- 
duces the effects of minority carrier storage (a(3) 
above) ; this increases the maximum pulse repeti- 
tion rate. Substitution of transistors is made less 
critical. The use of clamping diodes C?1 and 
CR2 prevents saturation and excessive induced 
voltage at the collector of the transistor. Circuit 
operation is similar to that described in @ above 
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except for the differences given in (1) through (5) 
below. 

(1) The base-emitter junction of the transis- 
tor is reverse-biased by battery Vaz. The 
collector is reverse-biased by the combined 
voltages of Voi and Vor Quiescently, 
diode C#2 has no bias applied and diode 
CR1 is reverse-biased (fig. 197). 

(2) Tf a negative trigger pulse is applied, the 
transistor is driven from cutoff into con- 
duction. Collector current increases rap- 
idly as a result of the regeneration of the 
circuit. The collector voltage falls from 
the combined voltages of Co: and Vez to 
the value of Vo. 

(3) As the collector potential decreases, due 
to increase in collector current, the volt- 
age across diode C2 causes reverse bias. 
Therefore the effect of C22 at this time 
may be neglected because it maintains re- 
verse bias. The reverse-bias potential 
applied to diode C1 decreases until the 
collector voltage reaches a value equal to 
Ve:. Further increase of collector cur- 
rent causes a further decrease in collector 
voltage, which results in diode CR1 be- 
coming forward-biased. At this point 
diode (F1 conducts and carries away 
current from the collector to maintain 
collector voltage at the value of Vou. 
Diode C/1 acts asa short circuit to trans- 
former winding 3-4. Thus the transistor 
is prevented from going into saturation. 

(4) When the magnetic field begins to col- 
lapse, the collector voltage becomes more 
negative (B, fig. 196), and the bias volt- 
age across diode C71 reverts to its non- 
conducting state when the value of Vo: 
is exceeded. 

(5) The collector voltage increases nega- 
tively until it reaches the value of the 
combined voltages of Voi and Voo Any 
attempt by the induced voltage ((4) 
above) to further increase the negative 
voltage at the collector is overcome by 
the conduction of diode CR2. The 
charge in transformer winding 3-4 is 
then discharged through this diode, and 
thus prevents the application of the ex- 
cessive voltage between the collector and 
the emitter. The negative going voltage 
doesn’t drop below voltage Voc and the 
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Figure 197. Triggered blocking oscillator, with 
clamping diodes. 


voltage swing below Vcc (fig. 196) has 
been eliminated by diode C2. 


193. Bistable Multivibrator Circuits 

A bistable circuit is initially at rest in either 
one of the stable states. When triggered by an 
input pulse, the circuit switches to the second 
stable state where it remains until triggered by 
another pulse. This type of operation is par- 
ticularly useful for providing a unit step voltage 
(par. 185¢). The bistable multivibrator may be 
further classified as saturating (a below) or non- 
saturating (par. 195). The conventional bistable 
multivibrator is described in a below, and a di- 
rect-coupled bistable multivibrator is described 
in b below. : 

a. Conventional Bistable Multivibrator. A basic 
Eccles-Jordan bistable multivibrator is shown in 
figure 198. This circuit differs from the astable 
multivibrator (par. 181) primarily in the base- 
emitter arrangement. In the stable state, either 
transistor is in the vn state while the other is off. 
The states of the transistor are switched with 
the application of a properly applied trigger 
pulse ((2) below). 

(1) Cutoff and saturation conditions. With 
the initia] application of dc power, one 
transistor will be caused to turn on while 
the other will be cut off. Each transis- 
tor is held in its particular state by the 
condition of the other. A numerical ex- 
ample is illustrated in figure 199. Re- 
sistors 2,, Ry, and Rs, correspond to the 
voltage divider networks in figure 198. 

(a) When a transistor is cut off, its out- 
put resistance is high and its collector 
current is effectively zero. However, 
current flow through the voltage di- 


vider network (resistors #,, Ay, and 
Rx) because of collector battery volt- 
age Veco (—28 volts) and base battery 
voltage Vas (+2 volts), causes finite 
voltage drops across each resistor. 
The voltage drop across resistor fz is 
2 volts, leaving approximately the full 
value of collector battery voltage Vc 
at point C. The voltage drops across 
resistors Ry and FR, are 21 volts and 
7 volts, respectively. This provides a 
negative voltage (—5 volts) at point 
B and causes forward bias, and tran- 
sistor @2 conducts. (For NPN-type 
resistors, the polarities are reversed.) 
The resistive and bias values are chosen 
to drive the on transistor into satura- 
tion. 

(6) The high collector current (satura- 
tion) of the on transistor flows through 
resistor A; and causes a voltage drop 
equal to collector battery voltage Voc, 
so that at point C, the voltage is ef- 
fectively zero (B, fig. 199). Division 
of base battery voltage Vas (+2 
volts) by resistors Ry and A» results 
in a positive voltage (+1.5 volts) at 
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point B. This is a reverse bias and the 
transistor is held at cutoff. 


(2) Cirewit operation (fig. 198). The ap- 


plication of a negative trigger pulse to 
the base of the off transistor or a posi- 
tive pulse to the base of the on transistor 
will switch the conducting state of the 
circuit. Collector triggering may be sim- 
ilarly accomplished. Two separate inputs 
are shown in figure 198. A trigger pulse 
at input A will change the state of the 
circuit. Once the state of the circuit is 
changed, an input of the same polarity 
at input B or an input of opposite po- 
larity at input A will again trigger the 
circuit. Alternate methods for control- 
ling the application of the trigger pulse 
are described in paragraph 194. 

(a) Assume that transistor Q1 is cut off and 
transistor Q2 is conducting. A nega- 
tive trigger pulse applied at input 4 
causes transistor Q@1 to conduct. The 
rise in collector current in transistor 
@1 causes the collector voltage to fall. 
This change in voltage is coupled to the 
base of transistor G2 and reduces its 
forward bias; conduction in transistor 
@2 begins to decrease. The collector 
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Figure 198. Conventional bistable multiwibrator. 
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Figure 199. Voltage divider networks showing saturated and cutoff conditions 
of a bistable multivibrator. 


current decreases, and the collector volt- 
age changes from zero to a negative 
value (approaching the value of bat- 
tery voltage Vcc). This change in volt- 
age is coupled to the base of transistor 
@1, making the base more negative and 
increasing the conduction of the tran- 
sistor. The regenerative feedback con- 
tinues until transistor @Q1 is in 
saturation and transistor @2 is cut off. 
The time constant of capacitor Cr, and 
resistor Ry, and that of capacitor Cr, 
and resistor Wy, essentially determines 
the fall time (from conduction to cut- 
off) of transistors Q1 and @2, respec- 
tively. In addition, the capacitors 
rapidly couple the changing voltages to 
the bases to insure rapid switching ac- 
tion of the transistors. 

Note. During the rapid transition period, 

both transistors conduct. In one transistor, 
the conduction is increasing and in the other, 
the conduction is decreasing. 
The output, taken between collector 
and ground, is a unit step voltage when 
one trigger is applied. A square-wave 
output could be obtained through con- 
tinuous pulsing or triggering of the 
input. Frequency division is thus ob- 
tained, with a ratio of 1 to 2. 

b. Direct-Coupled Bistable Multivibrator. The 
direct-coupled bistable multivibrator (A, fig. 200) 
is also referred to as a binary or count-by-two 
circuit when used in computing and counting ap- 
plications. In the circuit illustrated, transistors 
Q1 and Q4 are not considered part of the bistable 
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multivibrator. These are used to provide input 
control of the conducting state of the circuit. The 
load for each transistor of the direct-coupled 
binary consists of its load resistor (Ai, or Ax_) in 
parallel with the base input resistance of the other 
transistor. The callector to emitter voltage for the 
off condition of the transistor is the low base- 
emitter potential of the on transistor. Operation 
of the circuit is as follows: 

(1) Assume that transistor Q2 is cut off and 
transistor Q3 is conducting prior to time 
#1 (B, fig. 200). With no input signal, 
collector voltage Ve. of off transistor Q2 
is the same as base-emitter voltage Vas of 
on transistor Q3. Circuit triggering is 
accomplished by effectively grounding the 
collector of the off transistor. At time /1, 
a negative pulse (set pulse) is applied at 
input 1 which causes transistor 1 to con- 
duct through common load resistor Ria. 
Collector potential V¢, and base potential 
Vaz rise toward saturation voltage V sar 
of the transistor. Potential Vas 
(although slightly negative with respect 
to ground) cuts off transistor Q3 and its 
collector voltage (Vos) increases nega- 
tively, driving transistor Q2 further into 
conduction. The positive feedback be- 
tween collectors and bases of the transis- 
tors results in the rapid change of state 
of the circuit. Cireuit equilibrium is 
reached, transistor Q2 is in saturation, 
and transistor Q8 is at cutoff. 

At time 72, a negative pulse is applied at 
input 2, causing transistor @4 to conduct 
through common load resistor Riz. The 
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Figure 200. Direct-coupled bistable multivibrator. 


process of regeneration duplicates that 
described in (a) above except that tran- 
sistor Qs is switched on while transistor 
@2 is switched off. The negative pulse at 
input 2 may be considered a reset pulse 
that brings the circuit back to the original 
state. 


194. Trigger Pulse Steering 

Several methods are available for applying the 
triggering pulse or pulses to a bistable multi- 
vibrator circuit. Fundamentally, the method used 
is determined by the polarity and magnitude of 
the trigger pulse available and the desired repeti- 
tion rate (a through ¢ below). The trigger nor- 
mally used is a pulse of extremely short duration 
or a unit step voltage or current. Each causes 
the same reaction of the circuit. 

a. Triggering Methods. The trigger pulse may 
be applied or directed to the base or collector of 
either transistor in a bistable multivibrator cir- 
cuit. Initial triggering of a bistable multivibra- 
tor could be accomplished in one of four ways 
((1) through (4) below). 

Note. PNP-type transistors are assumed in (1) 
through (4) below. All polarities must be reversed for 
NPN-type transistors. 

(1) A negative trigger pulse may be applied 
to the base of the of transistor because 
the quiescent voltage at this point is 
positive (fig. 198). This pulse drives the 
transistor out of cutoff into conduction. 


(2) A positive trigger pulse may be applied 
to the base of the on transistor because 
the quiescent voltage at this point is 
negative. This pulse drives the tran- 
sistor out of saturation into the tran- 
sition region. 

(3) A negative trigger pulse may be applied 
to the collector of the on transistor be- 
cause the quiescent voltage at this point 
is almost zero (figs. 198 and 200). This 
trigger pulse coupled to the base of the 
off transistor takes it out of cutoff. 

(4) A positive trigger pulse may be applied 
to the collector of the off transistor be- 
cause the quiescent voltage at this point 
is negative. This pulse coupled to the 
base of the on transistor takes it out of 
saturation. 

Note. The trigger pulses must be of suffi- 
cient amplitude to reverse the stable state of 
the transistors. 

6. Separate Input Triggering. The separate 
inputs at the bases of each transistor (fig. 198) 
provide more than one method of triggering the 
circuit. A negative trigger at input A or a 
positive trigger at input B will cause the initial 
transition. The second transition would be ef- 
fected by a positive trigger at input A or a nega- 
tive trigger at input B. An alternate method of 
triggering the circuit with separate inputs avail- 
able would be the application of a negative pulse 
at input A and a second negative pulse at input B 
to restore the circuit to its original state. 
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c. Diode Steering, Single Input. In certain 
applications, it is desirable to trigger the bi- 
stable multivibrator on and off repeatedly with 
input pulses of the same polarity. If the pulse 
were applied simultaneously to both the off and 
on transistors, switching time would be delayed. 
With pulse steering diodes, the input pulse is 
directed to the proper transistor only, driving 
it off or on ((2) below). A bistable multivi- 
brator using negative pulse steering is illustrated 
in figure 202. Trigger action of the multivibrator 
is identical with that given in paragraph 198¢ 
and b. A bistable multivibrator (par. 195a) 
illustrating positive pulse steering is shown in 
figure 203. 

(1) Assume that the negative pulse is ap- 
plied to the bases of both transistors from 
one input source (fig. 198). The ten- 
dency is to drive the off transistor into 
conduction and the on transistor (nega- 
tive base) into saturation. Thus the 
feedthrough from the collector of the off 
transistor must overcome the initial bias 
condition of the on transistor and also the 
additional bias provided by the input 
pulse. Increased signal voltage is there- 
fore required, and the process of regen- 
eration and transition is slowed. The 
rise and fall times of the output signal 
are increased, thereby decreasing the 
pulse repetition rate of the circuit. 
Negative or positive pulse steering (fig. 
201) may be provided in the bistable 
multivibrator circuit. In PNP-type 
transistors, a negative trigger pulse drives 
the off transistor on; a positive trigger 
pulse drives the on transistor off. In 
NPN-type transistors the polarities are 
reversed. In each method of steering 
illustrated, the base of the on transistor 
is negative and the base of the off tran- 
sistor is positive with no signal applied. 
(a) For negative pulse steering, diodes CR1 

and CR2 are arranged as shown in A 

of figure 201. Resistors Al and #2 

form a voltage divider so that the 

cathodes of the diodes are at a positive 
potential. Diode C#1 is in its non- 
conducting condition because of the re- 
verse bias, and.diode C2 is conducting 
(low-resistance short) because of for- 
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ward bias. When a negative trigger 
pulse is applied through coupling 
capacitor (Cc, the reverse bias diode 
CR1 prevents the pulse from being ap- 
plied to the base of the on transistor. 
Diode CF2 is forward-biased, and the 
negative trigger pulse is applied to the 
base of the off transistor, thereby over- 
coming the positive bias on the base and 
driving the transistor on. Normal 
functioning of the bistable multivi- 
brator takes place (par. 193) and the 
circuit switches its state. A second 
negative trigger pulse is directed 
through diode C1 which would then 
be biased in the forward direction. 
Note. A positive trigger pulse applied to 
this steering circuit, regardless of the state 
of the bistable multivibrator, increases the 


reverse bias on the diodes and therefore has 
no effect on the circuit. 


(6) For positive pulse steering (B, fig. 
201), the diodes are reversed and a 
negative potential is provided at the 
junction of the voltage divider which 
consists of resistors R1 and R2. Diode 
CR1 is forward-biased while diode 
CR2 is reverse-biased. A positive 
trigger pulse is therefore applied 
through diode CRi to the base of the 
on transistor, driving it of. The re- 
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Figure 201. Pulse steering diodes. 


verse bias on diode CR2 prevents the 
trigger pulse from being applied to the 
base of the off transistor. Once the 
circuit switches state, the bias condi- 
tions of the diodes are reversed, and 
a second positive trigger pulse is di- 
rected through forward-biased diode 
CR2 to the base of the on transistor. 

Note. A negative trigger pulse applied to 
this arrangement increases the reverse bias 


on the diodes and therefore has no effect on 
the circuit. 
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Figure 202. Bistable multivibrator with negative-pulse 
steering diodes. 


d. Transistor Pulse Steering. The transition 
time for the change of state of a bistate multi- 
vibrator may be decreased by using a symmetrical 
transistor for pulse steering (fig. 204). The 
symmetrical transistor (Q3) is one in which the 
emitter-base and collector-base junctions are iden- 
tical. Reversal of bias conditions on each junc- 
tion results in normal amplifier action except that 
the directions of current flow are reversed. That 
is, when the collector-base junction is forward- 
biased, and the emitter-base junction is reverse- 
biased, the collector functions as the emitter and 
the emitter functions as the collector. The re- 
versal of current permits trigger pulse steering 
((1), (2), and (3) below). 

(1) If transistor Q1 is near saturation (col- 
lector voltage near zero) and transistor 
@2 is at cutoff (collector voltage equal to 
battery voltage Voc), transistor Q3 con- 


ducts normally. With no input signal, 
transistor Q3 is conducting with its op- 
erating point in the active region of its 
output characteristics. Transistor @3 
electron current (arrows) flows out of 
battery Vcc through resistor Pz, to the 
collector from the emitter (Q@8), into the 
collector of transistor Q1 and from the 
emitter and emitter resistor RE’ back to 
ground. This current causes an increase 
in the negative potential at the collector 
of transistor Q1. The latter voltage pre- 
vents deep voltage saturation of tran- 
sistor @1 and permits a higher pulse 
repetition rate. 

(2) A negative trigger pulse applied at the 
input increases the conduction of tran- 
sistor Q3. The increased collector cur- 
rent flow from battery Vcc through load 
resistor #;2 causes the collector potential 
of transistor Q2 to become more positive 
(less negative). Simultaneously, the in- 
creased emitter current (decreased cur- 
rent through load resistor 2z,) causes the 
collector potential of transistor @1 to be- 
come more negative. The regenerative 
action of the multivibrator (par 1950) 
causes the state of transistor Q1 to move 
toward cutoff while transistor Q@2 moves 
to saturation. 

(3) When circuit equilibrium is reached, tran- 
sistor Q1 is at cutoff while transistor Q2 
is at saturation. Because of this, a re- 
versal of transistor bias is established 
across the junctions of transistor @3. 
Electron current through transistor Q3 
flows out of the negative terminal of bat- 
tery Vec, through load resistor Ri, 
through transistor @3 collector-emitter 
(now reversed), through the collector of 
transistor 92 to ground. The stable con- 
ditions that exist at this point are the 
same as explained in (1) above except for 
the reversal of states of transistors Q1 
and @2. A second negative pulse applied 
at this time results in similar action ((2) 
above) and the multivibrator and tran- 
sistor Q3 revert to their initial conditions. 


195. Nonsaturating Bistable Multivibrators 
In the nonsaturating multivibrator, lower and 
upper limits are established for the output voltage 
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in the stable or quiescent states. This is to in- 
crease the pulse repetition rate. Diode clamping 
(abelow) or transistor clamping (5 below) may be 
used to prevent saturation and cutoff. 

a. Diode Clamping (fig. 208). Diodes C21 and 
CR2, biased by batteries Vg and Veo, provide sat- 
uration and cutoff clamping for transistor @1. 
Diodes (#3 and CR4, also biased by batteries Vos 
and Veo, provide saturation and cutoff clamping 
for transistor Q2. In each instance, the diodes 
function identically with those described in para- 
graph 189. Positive pulse steering diodes (par. 
1946) are used at the input to the multivibrator. 
Multivibrator action is identical with that of the 
conventional bistable multivibrator (par. 193a) 
except for the prevention of saturation and cutoff 
conditions. 

b. Transistor Clamping. The operation of 
transistor @3 (fig. 204) as a pulse steering device 
is covered in paragraph 194d. It is shown that 
transistor @3 shunts a portion of the collector 
current of the conducting transistor around its 
load resistor (Ri, or Az2). This prevents zero 
voltage on the collector of the conducting transis- 
tor. Assume that transistor Q1 is conducting and 
the collector voltage is clamped at —3 volts. As- 
sume further that the required base-emitted volt- 
age is —0.5 volt. This voltage could be obtained 
by grounding the emitter and establishing —0.5 
volt on the base with the voltage divider, consist- 
ing of resistors #12, Rr, and As. However, re- 
sistor Ry, would be very low in value and excess- 
ively shunt the regenerative pulses. To avoid ex- 
cessive shunting, resistor 2s, can be increased so 
that the base voltage is —2 volts. To offset this 
high voltage, resistor Rz, bypassed by capacitor 
C;, develops —1.5 volts at the emitter. The net 
forward bias between the base and emitter is —0.5 
volt. Note that the collector-base junction re- 
mains reverse-biased. 


196. Squaring Circuit (Schmitt Trigger) 

The Schmitt circuit (A, fig. 205) differs from 
the conventional bistable multivibrator (par. 
1932) in that one of the coupling networks is 
replaced by a common-emitter resistor. This ar- 
rangement provides additional regenerative feed- 
back to obtain a faster switching time. 

a. Assuming the quiescent condition (no input) 
with transistor Q1 at cutoff, the collector voltage 
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is equal to battery voltage Voc. This negative 
voltage is coupled to the base of transistor Q2 
through resistor Ay, and the base voltage of tran- 
sistor Q2 is equal to the voltage drop across resis- 
tor 2s minus battery voltage Vaz. 

b. Current flow from the emitter of transistor 
Q2, through common-emitter resistor 2s, to bat- 
tery Vzg maintains the emitter of transistor @1 at 
a negative potential. The reverse bias now devel- 
oped between the emitter and the base of transistor 
Q1 maintains the cutoff condition. The high neg- 
ative voltage at the base of transistor Q@2 produces 
forward bias for the base-emitter junction and 
causes it to operate in the saturation region. 

c. A negative signal of sufficient amplitude (B, 
fig. 205) applied to the base of transistor Q1 will 
overcome the reverse bias and cause transistor 
@Q1 to conduct. The potential at the collector de- 
creases (becomes less negative); this change is 
coupled to the base of transistor Q@2. The emitter 
current of transistor @2 decreases, lowering the 
potential across resistor Rz. The emitter of tran- 
sistor Q1 becomes less negative, reducing the re- 
verse bias and increasing collector current. This 
regenerative action continues until transistor Q1 
is operating in thc saturation region and transistor 
Q2 is cut off. The output voltage is a maximum 
negative voltage (B, fig. 205). 

d. The new stable condition continues until the 
input begins to rise (become more positive). This 
positive-going input decreases the base potential 
of transistor @1 and increases the reverse bias. 
This causes the collector voltage to increase (be- 
come more negative), emitter current to decrease, 
and the potential across resistor Mz to decrease. 
Simultaneously, the increasing (negative) voltage 
at the collector of transistor Q1 is coupled to the 
base of transistor Q2, driving it negative; the de- 
creasing voltage of resistor Ry causes the emitter 
of transistor Q2 to go more positive. Both actions 
reduce the reverse bias of the emitter-base junction 
and transistor Q@2 again operates at saturation, 
cutting off transistor Q1, and returning the circuit 
to its original operating conditions. The output 
is a minimum negative voltage (B, fig. 205). 

e. The rise and fall time of the output wave 
of this circuit is shorter than that of the con- 
ventional bistable multivibrator. The shape of 
the output wave does not depend on the shape of 
the input wave. 
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Figure 203. Nonsaturating bistable multivibrator, using diode clamping and positive pulse 
steering. 
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Figure 204. Bistable multivibrator, using transistor for trigger pulse steering and clamping. 
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Figure 205. Squaring circuit (Schmitt trigger). 


Section Ill. GATING CIRCUITS 


197. General 

a. Transistor gate circuits, used extensively 
(but not exclusively) in computer circuits, func- 
tion as switches by making use of an effective 
open or short circuit between the emitter and 
collector (par. 1860). Transistors used in gate 
circuits may be connected in series, parallel, or 
series parallel to provide a variety of functions 
such as circuit triggering at prescribed intervals, 
and level and waveshape control. 
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b. Included in the overall category of gates 
are the OR, the AND, the series (or clamping), 
and the shunt or inhibitor circuits. The VOT 
or negation circuit refers to a circuit arrange- 
ment which provides pulse phase inversion which 
js an inherent characteristic of the common- 
emitter configuration. Combinations of these 
circuits result in a NOT-OR (NOR) gate or a 
NOT-AND gate. Because of the ability of the 
circuit to evaluate input conditions to provide a 


predetermined output, these circuits are also re- 
ferred to as logée circuits. Typical gate circuits 
are described in the succeeding paragraphs. The 
gate circuits described make use of PNP-type 
transistors. NPN-type transistors function iden- 
tically with all potentials of opposite polarity. 


198. OR and NOR Gates 


An OR gate has more than one input, but only 
one output. The OF gate provides a prescribed 
output condition when one or another prescribed 
input condition exists. When a negation feature 
(par. 1972) is directly incorporated in the circuit, 
through the use of the CZ configuration, the VOR 
gate functions to provide a phrase inverted con- 
dition. Typical OF and NOR gates are described 
in aand 6 below. 

a, Single-Transistor Circuits. Simple methods 
of obtaining OF and NOR gating functions are 
shown in figure 206. In both the OF gate ((1) 
below), using the (B configuration, and the VOR 
gate ((2) below), using the C£ configuration (in- 
verter), the high resistance of resistors #1 and #2 
isolate one input source from the other. Resistors 
Fl and F2 are larger for the C# configuration 
because the input resistance is higher than that of 
the CB configuration. In each case resistor Fz, 
develops the output wave form. 

Note. Although only two input sources are illustrated 
for each configuration it is possible to have additional 
inputs. 

(1) The OR gate (A, fig. 206) provides a 
positive output pulse (par. 185c) when 
@ positive input pulse is applied at either 
input resistor. Initially, the transistor 
gate is in the cutoff condition with the 
emitter floating (par. 188b). The cur- 
rent flow through the collector load re- 
sistor consists only of the reverse-bias 
current (Jcso). Since this small amount 
of current is negligible, the voltage level 
at the collector is effectively equal to bat- 
tery voltage Vcc. When an input pulse 
of magnitude +Vzy is applied to either 
input, forward bias is established on the 
emitter-base junction and the transistor 
is driven into saturation. When the input 
pulse returns to the zero level, the tran- 
sistor reverts from the saturated condi- 
tion to the cutoff condition and the output 
voltage level swings back to —Vco. Posi- 


tive pulses applied to both inputs simul- 
taneously results only in widening of the 
output pulse. This is due to the added 
emitter current which causes an increase 
in minority carrier storage in the base 
(par. 187¢c). An NPN-type transistor 
could be used as an OF gate with nega- 
tive pulses and a negative output pulse. 
(2) The NOR gate (B, fig. 206) functions 
similarly to the OR gate ((1) above). 
The CE configuration is used, providing 
the NOT or negation function. Base 
bias battery Vas and resistor Ry provide 
the quiescent cutoff condition of the cir- 
cuit. In the C& configuration, reverse 
current Jez is present (par. 188). The 
output voltage, in this condition, is nearly 
equal to the collector battery voltage 
(~—Fee). When a negative input pulse 


of magnitude —Vz is applied to either 
input, the transistor is driven into sat- 
uration (output equals zero). When the 
input pulse is removed, the circuit reverts 
to its quiescent condition (output equals 
ae Vee) F 


As in the OF gate ((1) above), 
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Figure 206. Single transistor OR gates with multiple 
inputs, 
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pulse widening is the result of more than 


one simultaneous input of proper 
polarity. 
b. Two-Transistor Circuits. Additional gating 


circuits are shown in figure 207. In each case, the 
transistor outputs are connected in parallel and 
make use of a common load resistor A, At 
quiescence each transistor is held cutoff by battery 
Vaux. Resistors Rs, and Pp, aid resistors 21 and 
F2 in isolating the input sources from each other. 
Capacitors Cl and C2 provide a low impedance 
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B. PARALLEL-CONNECTED NOR GATE 


path for the transient currents (par. 193a) during 
turn-on and turn-off applications of the input 
pulses. This results in sufficient initial overdrive 
which reduces the rise and fall times of the output 
pulse. 

(1) The OF gate (A, fig. 207) is a CC config- 
uration (emitter follower) with high in- 
put and low output impedances. This 
circuit provides a negative output pulse 
when a negative input pulse is applied to 
either transistor G1 or Q2. Battery Vas 
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Figure 207. Two transistor OR gates with multiple inputs, 
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(2) 


provides reverse bias for both transistors 
and no current flows through load re- 
sistor 7; in the absence of an input signa. 
The output potential is at zero (ground). 
When a negative input pulse is applied at 
input A transistor Q1 is driven mto con- 
duction. The emitter voltage increases 
negatively due to the voltage drop across 
resistor Ry. The voltage drop across re- 
sistor R, also increases the emitter-base 
reverse bias for transistor Q2, holding it 
at cutoff. If another negative pulse of 
equal amplitude is applied simultane- 
ously at input B, it does not overcome 
the reverse bias on transistor @2 and the 
transistor remains cutoff. If the input 
pulses are of unequal amplitude, the most 
negative pulse causes conduction of the 
transistor to which it is applied and the 
output voltage will follow the most nega- 
tive input pulse. The emitter follower is 
rarely driven into saturation because of 
the high negative voltage feedback. Be- 
cause saturation does not occur, the re- 
sponse of the emitter follower OF gate is 
more rapid than that of other configura- 
tions. This configuration is most desir- 
able where speed of operation is of great 
importance. 

The VOR gate (B, fig. 207) provides a 
positive output pulse (par. 185¢c) when a 
negative input pulse is applied to etther 
transistor @1 or G2. With no input ap- 
plied, transistors Q1 and Q2 are cutoff by 
bias battery Vs; the potential at the col- 
lectors equals collector battery voltage 
Veo. When a negative pulse is applied at 
input A causing conduction of transistor 
@1, the voltage drop across resistor 7, 
subtracts from battery voltage Voo, and 
the output goes positive. When the sig- 
nal is removed the output reverts to — Vee. 
Pulse widening is determined by the 
amount of overdrive provided. Applica- 
tion of an additional pulse at input B does 
not cause large current flow in transistor 
@Q2, because of the low collector voltage 
established by transistor G1. Transistor 
@1 collector voltage drops negligibly, 
therefore, as a result of the second pulse. 
Deep saturation of the collectors is thus 
avoided. 


199. AND and NOT AND Gates 

The operation of the AND gate is similar to that 
of the OR gate (par. 198). However, the AND 
gate provides an output when all the inputs are 
applied simultaneously. The circuit is also re- 
ferred to as a coincidence circuit or all circuit. 
Phase inversion, accomplished through the use of 
the C# configuration, provides the negation fea- 
ture (VOT) in AND gates as it did in the VOR 
gate. Typical AVD and NOT AND gates are de- 
scribed in a and 6 below. 

a. Single-Transistor Circuits. Isolating resis- 
tors #1 and #2 (fig. 208) are used with a single 
transistor in the CB and CE configurations. For 
each gate forward (saturation) bias is provided 
by batteries Van (AND gate) and Vas (VOT 
AND) gate. Values for these circuit components 
are chosen so that saturating current continues to 
flow when only one input pulse is applied. Two 
input pulses are required to change the conducting 
state of the transistor. Clamping the collector 
(par. 189a2) at a small] negative voltage prevents 
deep saturation. 

(1) The AWD gate (A, fig. 208) provides a 
negative output pulse when negative 
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Single-transistor AND gates with multiple 
inputs. 


Figure 208. 
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pulses are applied at both inputs simulta- 
neously. If a negative unit step voltage 
is applied to resistor #1 the decrease in 
base-emitter forward bias is not enough 
to cut off the transistor. With the appli- 
cation of the second negative voltage at 
the input of resistor #2, the base-emitter 
junction becomes reverse biased and the 
transistor is driven to cutoff. Note that 
the voltage drop across resistor Rp is 
caused by the sum. of the two currents 
caused by the two negative input voltage 
drops. The output current falls to zero 
and the collector potential falls to its most 
negative value (—Vec). When either 
pulse is removed the output potential 
rises to zero due to conduction of the 
transistor. 

(2) The NOT AND gate (B, fig. 208) pro- 
vides a negative output pulse when posi- 
tive pulses are applied to both inputs 
simultaneously. The circuit operates in 
the same manner as the AWD gate ((1) 
above) except that current amplifica- 
tion and phase inversion (VOT) are 
obtained. 

b. Two-Transistor Circuits. Two gate circuits 
using two transistors with multiple inputs are 
shown in figure 209. Positive input pulses are re- 
quired at inputs A and B to change the state of 
the output. The circuit configurations of the 
emitter follower AVD gate and the parallel- 
connected VOT AND gates are similar to the OR 
and VOR gates respectively. The only difference 
is in the initial input bias condition provided by 
battery Ves; forward bias is used in the AVD 
((1) below), and NOT AND ((2) below), gates. 
Positive input pulses are required to change the 
state from conduction to cutoff and back to 
conduction. 

(1) When only one positive input pulse is 
applied to the AND gate (A, fig. 209) the 
transistor to which it is applied is cutoff. 
Since the other transistor remains in con- 
duction, current continues to flow through 
the common load resistor #:, and the out- 
put voltage level remains relatively con- 
stant. Only by applying a positive pulse 
to input A and input B simultaneously 
does the current flow through and the 
voltage drop across resistor A, drop to 
near zero. 
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(2) The NOT AND gate (B, fig. 209) oper- 
ates in the same manner as the AVD 
gate ((1) above) except that amplifica- 
tion and phase inversion (VOT) are 
obtained. 


200. AND-OR Gate or Triggering 


The AWD-OR gate (fig. 210) illustrates the 
use of a direct-coupled transistor logic circuit 
(par. 1936) to trigger a bistable multivibrator. 
The CE configuration for each transistor causes 
pulse phase inversion (negation feature) and the 
gating function provided is VOT AND-NOR. 
For simplicity, however, the circuit is most often 
called the AVD-OF gate. The gating functions 
and the triggering application are described in 
a and b below. 

a. Gating Function. Transistors Q1, Q2, and 
Q3 perform the gating function; transistor Q4 
is a part of a bistable multivibrator. The overall 
gating function consists of a VOT AND function 
and a NOF function described in (1) and (2) 
below. 

(1) NOT AND function. Transistors Q1 
and Q2 are series connected; transistors 
Q1 and Q3 are also series connected. 
Each combination forms a VOT AND 
gate (par. 199). Reverse collector bias 
is provided by battery Voo. 

(2) NOR function. Transistors @2 and @3 
are parallel-connected and form a VOR 
gate (par. 198). The load for the VOR 
gate consists of transistor Q1 and load 
resistor &,. Since transistor Q1 is a part 
of the VOT AND function, and repre- 
sents an open switch when it is cutoff, the 
output is controlled by the VOT AND 
function (6 below). 

b. Triggering Application. Transistor Q4 isa 
switching element of a bistable multivibrator 
(par. 191). Collector bias for this transistor is 
provided by battery Vcc. Assuming all transis- 
tors are cutoff (quiescent condition), triggering of 
the bistable multivibrator is accomplished when 
the prescribed input conditions of the AVD-OR 
gate are met ((1) and (2) below). 

(1) Off condition. When all the transistors 
are cutoff, the current through load re- 
sistor 2, is zero and the output potential 
and the potential at the collector of tran- 
sistor Q4 is negative and equal to battery 
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Figure 209. Two-transistor AND gates with multiple inputs. 


voltage Voc. The bases of transistors 


Q1, Q2 and @3 are held at ground poten- 
tial through connection to preceding 
saturated transistors. Transistor Q4 is 
held at cutoff by the second transistor 
(not shown) of the bistable multivibrator. 
On condition. The gate is opened when 
either transistors Q1 and @Q2 or transis- 
tors @1 and @3 conduct. When the bases 
of transistors Q1 and @2 are driven suffi- 
ciently negative, each transistor is driven 
to saturation. The series path through 
the conducting transistors is effectively 
short-circuited (low resistance) and cur- 
rent flows through load resistor #, from 
battery Veo. The output voltage rises 


from the high negative value ((1) above) 
to approximately zero. Since the poten- 
tial at the collector of the off transistor 
Q4 provides the base drive for the on 
transistor (not shown) in the multivibra- 
tor, the positive going pulse at the output 
of the AVD-OR gate results in driving 
transistor Q4 (the original of transistor 
in the multivibrator) into saturation. 


201. Series Gating Circuits 

Gating circuits may be used as amplitude dis- 
criminators (limiters), clippers, and clamping cir- 
cuits. Some typical circuits, connected in the CB 
configuration, and acting as series switches, are 
described in @ and 6 below. 
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Figure 210. AND-OR combined gate. 


a. Amplitude Discriminator. A, figure 211 
shows a circuit that will produce an output pulse 
only when the input pulse is of sufficient’ magni- 
tude (greater than Vs) to drive the transistor 
into conduction. 

(1) Battery Vzs reverse biases both the emit- 
ter and collector. In the quiescent con- 
dition no current flows through load re- 
sistor #; and output voltage V¢ is zero 
(prior to time #1 (B, fig. 211)). 

(2) When a positive pulse, larger in magni- 
tude than Vaz is applied, the base-emitter 
junction becomes forward biased and the 
transistor conducts. Current flows 
through resistor A; and output voltage 
Veo rises at 1. When the input is re- 
moved, the output voltage tends to de- 
crease to zero at 2; after a small storage 
delay the output voltage is zero. 

(3) If the input pulse is too large, resistor 
Re will limit the input current and re- 
sistor 2s will establish a small reverse 
bias for the base-emitter junction and 
deep saturation will be prevented. A 
shunting capacitor across resistor Ry and 
battery Vex will improve the fall time 
of the pulse. Amplification may be ob- 
tained if load resistor A;, is made larger 
than input resistor # x. 
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b. Clamping Circuits. In addition to provid- 
ing amplitude discrimination (a above), the cir- 
cuits shown in C and E, figure 211, provide con- 
stant high and low voltage levels for the output 
pulse. The collector may be negative (C, fig. 211) 
or positive (E, fig. 211). In either case battery 
Vpp is made large enough to reverse bias the col- 
lector and emitter. In the quiescent state, both 
circuits are at cutoff. A positive pulse, sufficient 
to’overcome battery voltage Vrs, must be applied 
to produce an output. 

Note. High level clamping will occur only when the 
transistor is driven into saturation. 

(1) When the transistor (C, fig. 211) is 
cutoff (quiescent condition), no current 
flows through load resistor 2; and output 
voltage Ve is equal to battery voltage 
—Voeco. When a positive pulse is applied, 
sufficient to drive the transistor into sat- 
uration, the base-collector resistance is 
reduced to a very low value and output 
voltage V¢ rises approximately to battery 
voltage Vaz (¢1 D, fig. 211). When the 
input is removed (72) the transistor re- 
turns to cutoff and output voltage V¢ will 
again equal battery voltage — Vue. 

(2) The clamping circuit shown in E, figure 
211, operates in the same manner as (1) 
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Series gating circuits. 


Figure 211, 
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above. The only difference is that when 
the transistor is at cutoff (quiescent con- 
dition) the output level is equal to + Voc 
and the amplitude of the output pulse 
is smaller than that of (1) above. 


202. Shunt Gating Circuits (Inhibition Gates) 

The CE configuration may be used as a signal 
shunting or transmission gate; this configuration 
introduces a minimum of transient distortion. A 
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control voltage is used to actuate the transistor 
which acts as a shunt switch. The signal voltage 
is either bypassed around the switch to the load 
(switch open), or shunted around the load (switch 
closed). Signal amplification or phase inversion 
does not occur in the shunt gate (a and 6 below). 
Typical shunt gates (also called inhzbition gates 
or inhibitors) are shown in A and C, figure 212. 

a. Reverse-Biased Shunt Gate. The emitter- 
base junction of the shunt gate (A, fig. 212) is 
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Figure 212. Reverse and forward-biased shunt (inhibition) gates. 


reversed biased by battery Vzs; no collector bias 
voltage is applied. 

(1) A signal occurs across resistor 2, (volt- 
age Ve) only when a signal voltage Viy 
is introduced and the transistor remains 
nonconducting (open switch) ; that is, no 
forward-biasing pulse (control voltage 
Vz) is introduced. This condition oc- 
curs between times ¢1 and ¢2 (B, fig. 212). 

(2) No output signal (Vc) occurs when a for- 
ward-biasing pulse (Vs) is introduced 
even though a signal voltage Vy is intro- 
duced. With the forward-biasing pulse 
assumed to be large enough to drive the 
transistor into saturation (closed switch), 
resistor A, is effectively shorted to 
ground. This condition occurs between 
times #3 and 24. 

(8) No output signal (Vc) occurs even if a 
forward-biasing pulse (Vs) is introduced 
and no signal pulse (Vy) is introduced, 
because there is no bias voltage on the 
collector. This condition occurs between 
times 25 and 26. 

b. Forward-Biased Shunt Gate. The emitter- 
base junction of the shunt gate (C, fig. 212) is 
forward biased by battery Va; no collector bias 
voltage is applied. With no input signal no col- 
lector current flows and the transistor acts as an 
open switch. 

(1) When only signal voltage Viy is intro- 
duced, this voltage acts as a collector 
voltage, the transistor conducts heavily 
(saturates) and acts as a closed switch 
across resistor #z. No output (Vc) is 
produced. This condition occurs between 
times ¢1 and ¢2 (D, fig. 212). 

(2) An output voltage (Vc) occurs when a 
signal voltage (Vy) and a control volt- 
age (Vz) are introduced simultaneously. 
The control voltage (Vg) drives the 
transistor into cutoff (open switch) and 
a portion of signal voltage (Vy) is de- 
veloped across resistor 2; This condi- 
tion occurs between times ¢8 and #4 . 

(3) When only control voltage (Vz) is in- 
troduced, no output voltage (V;) is de- 
veloped. The contro) voltage reverse 
biases the base-emitter junction and the 
transistor continues to appear as an open 


switch (no collector current). This con- 
dition occurs between times 45 and 16. 


203. Summary 

a. Switching circuits operate as generators, 
pulse amplifiers, inverters, and wave shapers. 

6. Switching circuits perform limiting, trigger- 
ing, gating, and signal routing functions. 

e. Pulse and switching circuits are character- 
ized by large-signal operation. 

d. A unit step voltage (or current) represents 
a voltage (or current) which undergoes an in- 
stantaneous change in amplitude from one estab- 
lished level to another. 

e. Large-signal operation involves operation in 
the cutoff, active and saturation regions of the 
transistor characteristics. 

f. The cutoff and saturation regions of a switch- 
ing circuit are the quiescent and stable regions 
of operation. 

g. The active region of a switching circuit is 
the unstable or transient region of operation. 

h. When the emitter-base and collector-base 
junctions are reverse-biased, the transistor is in 
the nonconducting or off (cutoff) state. When 
both junctions are forward-biased, the transistor 
is in a conducting or on (saturated) state. 

z. When a switching circuit is on, both input 
and output resistances are at a minimum. When 
a switching circuit is off, both input and output 
resistances are at a maximum. 

j. The important characteristics of an output 
pulse are the rise time, pulse time, storage time, 
and fall time. 

k. Clamping diodes are used to reduce the un- 
desirable effects on the output wave form of a 
switching circuit. The undesirable effects are 
produced by driving a transistor to saturation 
and cutoff. 

l. The monostable multivibrator has only one 
stable or quiescent state (cutoff or saturation). 
The bistable multivibrator has two stable or 
quiescent states (cutoff and saturation). 

m. The Schmitt trigger provides a square wave 
output for a sine wave input. 

n. Gating circuits, provide OR and AND func- 
tions (and variations of both). These circuits 
are commonly called logic circuits. 

o. The CB configuration is used to provide 
series gating functions; the CE and CC con- 
figurations are used to provide shunt gating 
functions. 
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CHAPTER 12 
MODULATION, MIXING, AND DEMODULATION 


Section |. MODULATION 


204. General 


The three basic types of modulation are ampli- 
tude modulation, frequency modulation, and phase 
modulation. Since frequency and phase modula- 
tion are very similar, only amplitude modulation 
(am) and frequency modulation (fm) will be 
discussed in this chapter. Amplitude modulation 
can be established by applying a carrier signal 
to an amplifier and varying the amplifier bias 
at the modulating rate (par. 2052). 

a, Amplitude modulation can also be estab- 
lished by varying the bias of an oscillator at the 
modulating rate (par. 205d). Various methods 
of amplitude modulating an amplifier (par. 206) 
or an oscillator (par. 207) may be employed. 

6. Frequency modulation can be established by 
varying the frequency of an oscillator at the 
modulating rate (par. 209). Various methods of 
frequency modulating an oscillator (par. 210) 
may be employed. 


205. Establishing Amplitude Modulation 


a. Amplitude-M odulated Amplifier. 'The wave- 
form analysis of an amplitude-modulated ampli- 
fier is shown in A, figure 218. The carrier signal 
is applied to the amplifier and the bias, which 
varies the gain of the amplifier, is varied by the 
modulating signal input. The output of the am- 
plifier is an amplitude-modulated carrier. As the 
carrier signal passes through the amplifier, the 
gain of the amplifier is increased or decreased. 
When the amplifier gain is increased, the output 
is increased and when the amplifier gain is de- 
creased, the output is decreased. Thus, the am- 
plitude of the carrier signal is varied at the 
modulating rate. 

b. Amplitude-Modulated Oscillator. The wave- 
form analysis of an amplitude-modulated oscil- 
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lator is shown in B, figure 213. The carrier signal 
is generated by the oscillator and the modulating 
signal varies the bias. Changing the bias of the 
oscillator changes the gain and the operating 
point of the transistor. Changing the bias pro- 
vides amplitude changes and frequency changes 
in the output of the oscillator. An amplitude- 
modulated oscillator may be used in an am 
transmitter (par. 2086) or an fm transmitter 
(par. 210). 
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Figure 218. Amplitude modulation of an amplifier 
and an oscillator. 


206. Methods of Amplitude Modulating an 
Amplifier 

a. General. An amplifier may be am mod- 
ulated by injecting a modulating signal into the 
base, the emitter, or the collector (fig. 214). Each 
method will vary the gain on the transistor. 
Transformer TIA, T1B, or TiC provides base, 
emitter, or collector injection, respectively. Any 
change in bias changes the gain of the transistor 
which results in amplitude variations in the out- 
put signal. The carrier signal, coupled through 
transformer T1, is applied to the base circuit of 
amplifier Q1. Capacitor C1 and the primary of 
transformer T2 form a parallel resonant circuit 
for the amplified carrier signal. Any of the 
modulating methods described above vary the 
gain of the transistor with respect to the mod- 
ulating signal. The signal on the collector is 
increased in amplitude when the bias is increased 
and decreased in amplitude when the bias is de- 
creased. The result is an amplitude-modulated 
earrier coupled through transformer T2 to the 
following stage. If the strength of the rf car- 
rier signal were greater than the emitter-base bias, 
when the amplifier is modulated by base injection 
or emitter injection, the modulated output would 
be distorted. Under these conditions, the rf 
carrier signal would determine the emitter-base 
bias instead of the modulating signal. Thus, the 
strength of the rf carrier must always be smaller 
than the emitter-base bias when an amplifier is 
modulated with base injection or emitter injec- 
tion. Satisfactory modulation with base injec- 
tion (6 below) or emitter injection (¢ below) is 
obtained only with low-level modulation. Satis- 
factory modulation with collector injection (d 
below) is obtained with low-level or high-level 
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Figure 214. Methods of injecting amplitude modulating 
signal into amplifter circuit. 


b. Amplitude-Modulated Amplifier (Base In- 
jection) 

(1) Figure 215 shows an amplifier circuit 
with the modulating signal injected into 
the base circuit. The carrier signal in- 
put is coupled through transformer T1 
to the base circuit of amplifier Q1. The 
modulating signal, coupled through ca- 
pacitor Cl, is developed across resistor 
Ri. The bias developed across resistor 
R1 is increased when the modulating sig- 
nal increases and decreases when the 
modulating signal decreases. Thus, the 
base-emitter bias is increased and de- 
creased as the modulating signal in- 
creases and decreases. Since the base- 
emitter bias is changing at the modulat- 
ing rate, the collector current and the 
gain are changing at the modulating 
rate. As the gain increases, the ampli- 
tude of the carrier signal increases and 
as the gain decreases, the amplitude of 
the carrier signal decreases, The ampli- 
tude-changing carrier signal (modulated 
carrier signa]) present in the parallel 
resonant circuit of capacitor C4 and the 
primary of transformer T2 is coupled 
through the transformer to the output. 

(2) Base-emitter bias is developed across re- 
sistor Ri. Resistor R2 is a voltage 
dropping resistor. Capacitor C2 is a 
bypass capacitor for the carrier signal. 
Resistor R3 is the emitter swamping re- 
sistor and capacitor C3 is a bypass ca- 
pacitor. Capacitor C4 and the primary 
of transformer T2 form a parallel reso- 
nant circuit for the amplified carrier 
signal, Capacitor Cl is a coupling ca- 
pacitor for the modulating signal. 

c. Amplitude-Modulated Amplifier (Emitter 
Injection). 

(1) Figure 216 shows an amplifier circuit 
with the modulating signal injected into 
the emitter circuit. Emitter injection is 
very similar to base injection, since both 
methods vary the emitter-base bias. The 
carrier signal input is coupled through 
transformer T1 to the base circuit of 
amplifier Q1. The modulating signal, 
coupled through capacitor Ci, is devel- 
oped across swamping resistor R3. When 
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Figure 215. Amplitude-modulated amplifier with base injection. 


the voltage drop (modulating signal 
voltage) across resistor R3 aids the volt- 
age drop across series resistor Ri, the 
emitter-base bias increases. When the 
voltage drop (modulating signal volt- 
age) across resistor R3 opposes the volt- 
age drop across series resistor R1, the 
emitter-base bias decreases. When the 
emitter-base bias increases, the gain of 
amplifier Q1 increases and when the bias 
decreases, the gain decreases. As the 
gain increases, the amplitude of the car- 
rier signal on the collector increases and 
when the gain decreases, the amplitude 
of the carrier signal decreases. The mod- 
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ulated carrier signal present in the 
parallel resonant circuit of capacitor C4 
and the primary of transformer T2 is 
coupled through the transformer to the 
output. 

The emitter-base bias is developed across 
resistor R1. Capacitor C2 is an audio 
and rf bypass capacitor. Capacitor Cl 
couples the modulating signal to the 
emitter circuit. Resistor R3 is the emitter 
swamping resistor and capacitor C3 is 
a bypass capacitor for the carrier signal. 
Capacitor C4 and the primary of trans- 
former T2 form a parallel resonant cir- 
cuit for the carrier signal. 
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Figure 216. Amplitude-modulated amplifier with emitter injection. 


d. Amplitude-Modulated Amplifier (Collector 
Injection). 

(1) Figure 217 shows an amplifier circuit 
with the modulating signal injected into 
the collector circuit. In this circuit, the 
emitter-base bias is constant and the volt- 
age between the emitter and the collector 
is varied at the modulating rate. This 
condition permits satisfactory low-level 
or high-level modulation. The carrier 
signal] is applied through transformer 7'1 
to the base circuit. Amplifier Q1 ampli- 
fies the carrier signal. The carrier sig- 
nal is developed across the resonant cir- 


TI 
CARRIER 
SIGNAL 
INPUT 


MODULATING 
SIGNAL 
INPUT 


former 72) is coupled through trans- 
former 72 to the output. 

(2) Transformer 71 is the input coupling 
transformer. Resistor #1 is the emitter 
swamping resistor and capacitor (1 is a 
bypass capacitor. Battery Vez provides 
emitter-base bias. Capacitor C2 and the 
primary of transformer 72 form a paral- 
lel resonant circuit for the carrier sig- 
nal. Transformer 72 provides output 
coupling. Transformer 73 provides in- 
put coupling for the modulating signal. 
Capacitor (3 is a bypass for the carrier 
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Figure 217. Amplitude-Modulated amplifier with collector injection. 


cuit consisting of capacitor C2 and the 
primary of transformer 72. The mod- 
ulating signal is applied through trans- 
former 73 to the collector circuit. The 
modulating voltage across the secondary 
of transformer 73 is in series with col- 
lector battery voltage Voc. The modu- 
lating voltage, series aiding battery volt- 
age Voc, increases the emitter-collector 
voltage. The modulating voltage, series 
opposing battery voltage Voc, decreases 
the emitter-collector voltage. As the 
emitter-collector voltage increases, the 
gain of amplifier @1 increases and as the 
emitter-collector voltage decreases, the 
gain decreases. Thus, when the gain of 
amplifier G1 increases, the amplitude of 
the carrier signal increases, and when the 
gain decreases, the amplitude decreases. 
The amplitude-modulated carrier signal 
present in the parallel resonant circuit 
(capacitor C2 and the primary of trans- 


signal and battery Vee provides emitter- 
collector bias. 


207. Methods of Amplitude Modulating an 
Oscillator 


a. General. An oscillator may be modulated 
by injecting a modulating signal into the base, 
the emitter, or the collector (fig. 218). Each 
method will change the gain and the operating 
point of the transistor. This results in amplitude 
changes and frequency changes in the output of 
the oscillator (par. 171). Transformer TA, 
T1B, or TIC provides base, emitter, or collector 
injection, respectively. Amplifier Q1 provides 
the amplification required for oscillation. Wind- 
ing 34 of transformer T2 provides the required 
feedback. Capacitor C1 and winding 1-2 of 
transformer T2 provide the required resonant 
circuit. Winding 5-6 of transformer T2 couples 
the output signal to the following stage. The dc 
circuits are not shown. Detailed circuit analysis 
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Figure 218. Methods of injecting amplitude-modulating signal into oscillator circuit. 


of oscillator operation is covered in paragraph 


171. 


b. Amplitude-Modulated Oscillator. 
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(1) An amplitude-modulated oscillator with 


the modulating signal injected into 
the base circuit is shown in figure 219. 
The modulating signal voltage from 
microphone 4/1 is developed across 
variable resistor #1. The amount of 
modulating signal voltage, determined 
by the setting of variable resistor 71, is 
applied to the base circuit. Choke Z1 
and capacitor (1, series resonant at. the 
carrier frequency, act as an open circuit 
for the modulating signal voltage and by- 
passes the carrier signal around resistor 
#1. The modulating signal voltage in 
series with the feedback voltage (wind- 
ing 3~4 of transformer 71) is in parallel 
with emitter-base bias resistor #2. An 


aiding modulating signal voltage in- 
creases the emitter-base bias and an op- 
posing modulating signal voltage de- 
creases the emitter-base bias. An increase 
in the bias increases the gain of oscillator 
@1 and a decrease in the bias decreases 
the gain. An increase in the gain of 
transistor @1 increases the amplification 
of the generated signal and a decrease in 
the gain decreases the amplification. The 
generated signal is therefore amplitude 
modulated at the modulating rate. An 
increase in gain also decreases the collec- 
tor voltage, which increases capacitance 
Con and a decrease in the gain increases 
the collector voltage which decreases ca- 
pacitance Coz. Capacitance Con is in 
parallel with the resonant circuit consist- 
ing of capatiter C3 and winding 1-2 of 
transformer 71. Increasing capacitance 


TM690-367 


Figure 219. Amplitude-modulated oscillator with base injection. 


(2) 


Con decreases the resonant frequency of 
the resonant circuit and decreasing 
capacitance Cog increases the resonant 
frequency. Since the frequency of oscil- 
lation is determined by this resonant cir- 
cuit, the output frequency of the oscilla- 
tor is changing at the modulating rate. 
Thus, the output signal of the amplitude- 
modulated oscillator is amplitude and 
frequency modulated at the modulating 
rate. 

Microphone 1 converts sound energy 
into an electrical signal. Variable resis- 
tor #1 determines the amount of audio 
signal (modulating signal voltage) ap- 
plied to the base circuit. Choke Z1 and 
capacitor C1 form a series resonant cir- 
cuit for the oscillator frequency. Resis- 
tors #2 and #3 form a voltage divider 
network to establish emitter-base bias. 
Resistor #4 is the emitter swamping re- 
sistor and capacitor (2 is an audio bypass 
capacitor. Transistor Q1 provides the 


amplification necessary for oscillations. 
Winding 3-4 of transformer 7'1 provides 
the required feedback. Capacitor C3 
and winding 1-2 of transformer 71 pro- 
Capacitor 


vides the resonant circuit. 
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Ccx represents the output capacitance be- 
tween the emitter and collector (par. 
103). Winding 5-6 of transformer 71 
provides output coupling. Battery Vec 
provides the operating voltage. 


208. Use of Amplitude-Modulated Amplifier 
or Oscillator 

a. Amplitude-Modulated Amplifier. The re- 
quirements for transmitting an amplitude mod- 
ulated carrier using transistors are the same as 
those for electron tubes (TM 11-665). Figure 
220 shows a block diagram of a typical trans- 
mitter using amplitude-modulated amplified 
waveforms of each stage. This type of modula- 
tion is normally employed in transmitters re- 
quiring a large power output. The oscillator 
generates the fundamental carrier frequency 
which is increased by the multiplier stage. The 
driver stage increases the amplitude of the carrier 
frequency to provide sufficient driving power for 
final amplification. The amplitude modulated 
amplifier stage is employed as the power ampli- 
fier. The microphone converts sound energy into 
an electrical signal. The audio amplifier amplifies 
the signal sufficiently to drive the modulator 
stage. The modulator stage amplifies the audio 
sufficiently to modulate the power amplifier stage. 
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Figure 220. Block diagram of transmitter using an-amplitude-modulated power amplijier. 
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The modulated carrier signal from the amplitude- 
modulated power amplifier stage is applied to 
the antenna. The modulating signal would nor- 
mally be injected into the collector circuit of the 
amplitude-modulated power amplifier for high- 
level modulation. 

b. Amplitude-Modulated Oscillator. An am- 
plitude-modulated oscillator (par. 207) modulates 
the rf carrier while it is being generated. Figure 
221 shows a block diagram of a transmitter using 
an amplitude-modulated oscillator. Since an am- 
plitude-modulated oscillator produces both ampli- 
tude and frequency modulation of the rf carrier, 
frequency multiplication is normally not used. 
Frequency multiplication- would increase the 
frequency modulation as well as the carrier 
frequency. An amplitude-modulated oscillator 
normally has high amplification of the rf carrier 
and does not require a great deal of amplification 
for transmission. In this application, the audio 
signa] is amplified through two stages of audio 
amplification before being applied to the oscil- 
lator. The output of the modulated oscillator 
is amplitude and frequency modulated. The per- 
centage of frequency modulation is low and 
therefore tolerable. The power amplifier stage 
amplifies the amplitude modulated signal suffi- 
ciently to drive the antenna. 


209. Establishing Frequency Modulation 

a. General. The input and output waveforms 
of a frequency-modulated oscillator are shown 
in figure 222. In an fm transmitter, the modula- 
tion is accomplished at the oscillator stage. A 
transistor oscillator can be frequency modulated 
in the same manner as an electron tube oscillator 
(TM 11-668) or by varying the oscillator gain 
at the modulating rate (par. 2076). The same 
amplitude-modulated oscillator used in an am 


transmitter can be used in an fm transmitter. 
The unwanted amplitude changes can be removed 
by a limiter stage before the carrier signal is 
increased in frequency and magnitude. 

b. Frequency-Modulated Oscillator. 

(1) A typical frequency-modulated oscillator 
stage is shown in figure 228. In this ap- 
plication, the frequency modulation is 
established by reactance modulation. 
The modulating signal, coupled through 
transformer 72, varies the emitter-base 
bias of reactance modulator Q2. Since 
the bias is increasing and decreasing at 
the modulating rate, the collector voltage 
also increases and decreases at the modu- 
lating rate. As the collector voltage in- 
creases, output capacitance Cog decreases 
(par. 103) and as the collector voltage 
decreases, output capacitance Coy in- 
creases. When output capacitance Coz 
decreases, the resonant frequency of the 
oscillator @1 tank circuit (capacitor C1 
and winding 1-3 of transformer 71) in- 
creases. When output capacitance Coz 
increases, the resonant frequency of the 
oscillator tank circuit decreases. The 
resonant frequency of the oscillator tank 
circuit is therefore increasing and de- 
creasing at the modulating rate. Thus, 
the frequency of the signal generated by 
the oscillator is increasing and decreasing 
at the modulating rate. The output of 
the oscillator is therefore a frequency- 
modulated carrier signal. - 

(2) Transistor Q1 provides the oscillator sig- 
nal. Capacitor C1 and winding 1-3 of 
transformer 71 form a parallel resonant 
circuit for the oscillator frequency. 
Winding 4-5 of transformer 71 provides 
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Figure 221. Block diagram of transmitter employing amplitude-modulated oscillator. 
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Figure 228. Oscillator circuit, frequency modulated by a reactance modulator. 
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the required feedback and winding 6-7 
couples the oscillator signal to the follow- 
ing stage. Transformer 72 couples the 
modulating signal to reactance modulator 
@Q2. The reactance of output capacitance 
Cox across winding 2-3 of transformer 
71 varies the resonant frequency of the 
oscillator tank circuit (capacitor C1 and 
winding 1-8 of transformer 71). 


210. Use of Frequency-Modulated Oscillator 

A frequency-modulated oscillator establishes 
the fundamental frequency-modulated carrier sig- 
nal necessary for fm transmission. The require- 
ments for transmitting a frequency-modulated 


carrier using transistors are the same as those 
for electron tubes (TM 11-668). A block dia- 
gram of a typical fm transmitter with wave- 
forms is shown in figure 224, The audio signal 
(modulating signal) is applied to the oscillator 
stage. The output of the oscillator stage is an 
amplitude- and frequency-modulated carrier sig- 
nal. The limiter stage removes the amplitude 
modulation and its output is a frequency-mod- 
ulated carrier signal with constant amplitude. 
The multiplier stage increases the frequency to 
the desired transmitting frequency. The power 
amplifier stage increases the magnitude of the 
frequency-modulated carrier signal sufficiently to 
drive the antenna. 
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Figure 224. Block diagram of fm transmitter showing waveforms. 


Section Il. MIXING 


211. General 


a. The process of combining a radio frequency 
with an oscillator frequency to produce an inter- 
mediate frequency is called miwing or frequency 
conversion (TM 11-665). The two basic methods 
of frequency conversion employed with electron 
tubes are also employed with transistors. The 
first method, a transistor that combines an oscil- 
lator frequency and a radio frequency, is called 
a mixer (6 below). In the second method, only 
one transistor (functioning as oscillator and 
mixer), known as a converter (¢ below), is used. 
When a transistor is used as a mixer or a con- 
verter, it is operated on the curved portion of the 
dynamic transfer characteristic curve (par. 101). 
Under these conditions, when two frequencies are 
applied to the transistor input, four major fre- 
quencies are produced in the output. Two of the 
output frequencies are the original frequencies 
that were present in the input. Another one of 
the output frequencies is a frequency that is 
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equal to the sum of the two original frequencies. 
The remaining frequency that is present in the 
output is a frequency that is equal to the dif- 
ference of the two original frequencies. In most 
superheterodyne receivers, only the difference fre- 
quency is of interest, and all of the other fre- 
quencies must be filtered out. The difference 
frequency used in a receiver is referred to as the 
intermediate frequency (if). 

b. The input and output waveforms of a mixer 
stage are shown in A, figure 225. The input radio 
frequency is represented by /'1 and the input oscil- 
lator frequency is represented by #2. The two 
input frequencies applied to the mixer stage pro- 
duce four prominent output frequencies (a above). 
The original radio frequency present in the output 
is represented by F1,. The original oscillator fre- 
quency present in the output is represented by 
F2,. The sum of the two original frequencies is 
represented by F'1 plus F2. The difference of the 
two original frequencies is represented by F'1 
minus F2. 


c. The input and output waveforms of a con- 
verter stage are shown in B, figure 225. One fre- 
quency is applied to the converter stage and the 
other frequency is generated in the converter stage. 
The radio frequency applied to the converter stage 
is represented by F2. The oscillator frequency 
generated by the oscillator is represented by F'1. 
The two frequencies present in the converter stage 
produce four prominent frequencies in the output 
(a above). The original radio frequency present 
in the output is represented by ¥2;. The original 
oscillator frequency present in the output is repre- 
sented by ¥'1,. The sum of the two frequencies is 
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represented by F'1 plus F2. The difference of the 
two frequencies is represented by F'1 minus F2. 


212. Injection of Oscillator Frequency 

The oscillator frequency may be fed to the base, 
the emitter, or the collector circuit of a mixer stage 
(fig. 226). The oscillator frequency is coupled 
through transformer 73A, 73B, or T3C to the 
base, the emitter, or the collector, respectively. 
Capacitor C1 and the primary of transformer 7'1 
form a parallel resonant circuit for the radio fre- 
quency which is coupled to the base circuit of mixer 
@1. Capacitor (3 and the primary of transformer 
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Figure 225. Input and output waveforma of a miver and a converter. 
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7T3A, T3B, or T3C form a parallel resonant circuit 
for the oscillator frequency. Capacitor C2 and 
the primary of transformer 72 form a parallel 
resonant circuit for the intermediate frequency 
which is coupled through the transformer to the 
following stage. 


213. Mixer 


a. A schematic diagram of a mixer stage with 
typical values of components is shown in figure 
907, The rf signal is 1 megacycle; the oscillator 
signal, 1.5 megacycles; the if signal, 500 ke. 
Emitter injection is employed to couple the oscil- 
lator signal into the mixer circuit. The radio 
frequency injected into the base circuit and the 
oscillator frequency injected into the emitter cir- 
cuit are heterodyned in mixer Q1. The inter- 
mediate frequency is selected by the collector tank 
circuit. The intermediate frequency is then cou- 
pled through transformer T3 to the following 
stage. 

b. Capacitor C1 and the primary of trans- 
former T1 form a parallel resonant circuit for 
the rf signal which is coupled through the trans- 
former to the base circuit of mixer Q1. Capacitor 
C2 and the primary of transformer T2 form a 
parallel resonant circuit for the oscillator fre- 
quency which is coupled through the transformer 
to the emitter circuit of mixer Qi. Resistor R1 
provides emitter-base bias and resistor R3 is a 
voltage dropping resistor. Capacitor C4 is a 
bypass capacitor. Resistor R2 is the emitter 
swamping resistor and capacitor C3 is a bypass 
capacitor. Capacitor C5 and the primary of 
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transformer T3 form a parallel resonant circuit 
for the intermediate frequency which is coupled 
through the transformer to the following stage. 


214. Converter 


a. A schematic diagram of @ converter stage 
is shown in figure 228. The radio frequency in- 
jected into the base circuit and the oscillator fre- 
quency generated by converter Ql are hetero- 
dyned in the converter. The parallel resonant 
circuit, consisting of capacitor C3 and the pri- 
mary of transformer T3, selects the desired inter- 
mediate frequency. The intermediate frequency 
is then coupled through transformer T3 to the 
following stage. 

b. Capacitor C1 and the primary of trans- 
former T1 form a parallel resonant circuit for 
the radio frequency which is coupled through the 
transformer to the base circuit of converter Q1. 
Resistor R1 develops the emitter-base bias and 
resistor R3 is a voltage dropping resistor. Re- 
sistor R2 is the emitter swamping resistor and 
capacitor C4 is a bypass for the radio frequencies. 
Capacitor C2 and the primary of transformer T2 
form a parallel resonant circuit for the oscillator 
frequency. The secondary of transformer T2 
provides the required feedback for the oscillator 
portion of converter Q1. Capacitor C3 and the 
primary of transformer T3 form a paralle) reso- 
nant circuit for the intermediate frequency which 
is coupled through the transformer to the fol- 
lowing stage. The primaries of transformers T2 
and T3 are tapped to obtain the desired selec- 
tivity (par. 146). 
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Figure 226. Methods of injecting an oscillator frequency into a mizer stage. 
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Figure 227. Schematic diagram of mixer showing typical values of components. 
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Figure 228. Schematic diagram of converter. 
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Section III. DEMODULATION 


215. General 


The three basic types of demodulation (de- 
tection) are cw detection, am detection, and fm 
detection. 

a. Cw Detection. Cw detection is accomplished 
by heterodyning the carrier signal with the output 
of an oscillator to produce an audio signal. The 
oscillator stage in a superheterodyne receiver used 
for this purpose is called a beat frequency oscil- 
lator (bfo). The bfo frequency is adjusted to 
differ from the intermediate frequency of the 
receiver by a low audio frequency. For a com- 
plete theoretical analysis of cw detection, refer 
to TM 11-665. The principles of cw detection 
for electron tubes apply equally to transistors. 

&. Am Detection. Am detection may be ac- 
complished by employing a diode (par. 216) or 
a transistor (par. 217). The waveforms and the 
am detector are shown in A, figure 229. The am- 
plitude-modulated carrier signal is applied to the 
am detector. The am detector rectifies and filters 
the amplitude variations of the carrier signal. 
The output of the am detector is an audio signal. 

c. Fm Detection. Fm detection may be ac- 
complished by employing a discriminator (par. 
218) or a slope detector as an am detector (par. 
219). The waveforms for fm detection are shown 
in B, figure 229. The frequency-modulated car- 
rier signal is applied to the fm detector. The fm 
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detector rectifies and filters the frequency varia- 
tions of the carrier signal. The output of the 
fm detector is an audio signal. 


216. Am Demodulation, Diode Detector 


Diode detectors provide a voltage output (a 
below) or a current output (5 below). 

a. Voltage Output. A voltage output-type diode 
detector is shown in A, figure 230. This type of 
detector is normally used with electron tubes 
since electron tubes are voltage amplifying de- 
vices. Although this type of detector is called 
a voltage output type, there must also be a 
changing current to produce the changing volt- 
age. Thus, with certain applications, this type 
of detector is also used in transistor circuits. In 
the circuit shown, diode CR1 is the rectifying 
device, resistor R1 is the load, and capacitor Cl 
is the filter. Diode CRI rectifies the carrier 
signal since it only conducts on one-half of a 
cycle. Current flows through resistor Ri when 
diode CR1 conducts. Capacitor C1 charges to the 
voltage drop across resistor R1 and discharges 
through resistor R1 when diode CR1i is not con- 
ducting. The time constant of resistor R1 and 
capacitor C1 prevents capacitor C1 from dis- 
charging completely before the next alternation 
of the carrier signal. When diode CR1 again 
conducts, capacitor C1 charges to the voltage drop 
across resistor Ri. The charging and discharg- 
ing of capacitor C1 filters the output voltage 
which is essentially increasing and decreasing 
with the amplitude changes of the carrier signal.’ 
Thus, the amplitude changes of the carrier signal 
produce voltage changes in the output of the 
voltage detector. The output voltage is essen- 
tially the envelope of the carrier signal. 

b. Current Output. A current output-type 
diode detector is shown in B, figure 230. This 
type of detector may be used with transistors 
since transistors are current amplifying devices. 
Since a changing current also produces a changing 
voltage, this type of detector is also used in 
electron tube circuits, In the circuit shown, 
diode CRi is the rectifying device, resistor R1 
is the load, and choke L1 is the filter. Diode 
CR1 only conducts on one-half of a cycle of the 
carrier signal. When diode CR1 conducts, re- 
sistor Rl is shorted by the diode and no current 
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Figure 230. Input and output waveforms of voltage output and current output-type 
Giode detectors. 


flows through resistor Ri. When diode CR1 
does not conduct, all of the current flows through 
choke Li and resistor R1. On the alternation 
that diode CR1 does not conduct, the collapsing 
field of choke Li tends to keep current flowing 
through resistor R1. This action filters the car- 
rier signal current flow through resistor R1. The 
result is that the output current is filtered and 
increasing and decreasing at a rate equivalent to 
the amplitude changes in the carrier signal. Thus, 
the amplitude changes in the carrier signal pro- 
duce current changes in the output of the current 
detector. 


217. Am Demodulation, Transistor Detector 

A transistor detector is similar in operation to 
an electron tube grid leak detector (TM 11-665). 
The rectification for the electron tube grid leak 
detector takes place in the control grid to cathode 
portion of the electron tube, The amplification 
takes place in the control grid to the plate por- 
tion of the electron tube. Rectification for the 
transistor detector takes place in the emitter-base 
portion of the transistor. Amplification takes 
place in the emitter-collector portion (a below) 
or the base-collector portion (6 below) of the 
transistor. Resistance-capacitance coupling (a 
below) or transformer coupling (6 below) may 


be used to couple the output of the transistor de- 
tector to the following stage. 
a. Common-Emiiter. 

(1) A common-emitter transistor detector is 
shown in figure 231. The if signal ap- 
plied to the base-emitter circuit (biased 
for nonlinear operation) is rectified by 
the diode portion (base-emitter) of de- 
tector Q1. Resistor R1 acts as the diode 
load resistor and capacitor C2 filters the 
if voltage changes. The input circuit 
acts as a voltage output diode detector 
(par. 2162). The base-emitter bias (au- 
dio voltage) developed across resistor 
Ri causes the collector current to vary 
at the audio rate. The amplified audio 
signal developed across resistor R4 is 
coupled through capacitor C5 to the fol- 
lowing stage. 

(2) Capacitor Ci and the primary of trans- 
former T1 form a paralle) resonant cir- 
cuit for the if signal which is coupled 
through the transformer to the base- 
emitter circuit of detector Qi. Resistor 
R1 is the emitter-base bias resistor and 
resistor R2 is a voltage dropping resistor. 
Capacitors C2 and C4 are bypass ca- 
pacitors for the intermediate frequency. 
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Figure 281. Common-emitter transistor detector. 


Capacitor C3 is an audio bypass capac- 
itor. Resistor R3 is the emitter swamp- 
ing resistor. Resistor R4 is the collector 
load resistor. Capacitor C5 couples the 
audio output signal to and blocks the 
dc voltage from the following stage. 


6. Common-Base. 
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(1) A common-base transistor detector is 


shown in figure 232. Detection takes 
place in the emitter-base circuit of tran- 
sistor detector Q1 and amplification takes 
place in the collector-base circuit. When 
the polarity of the if signal is positive on 
the emitter, current flows through the 
emitter-base circuit. Capacitor C2 charges 
on the positive alternation. On the nega- 
tive alternation, capacitor C2 discharges 
through resistor Ri. The long time con- 
stant of capacitor C2 and resistor Ri 
does not allow capacitor C2 to discharge 
much during the negative alternation. 
The next positive alternation again 
charges capacitor C2. The result is that 


c2 


SIGNAL Ct 


(2) 


the peaks of the positive alternation are 
filtered by capacitor C2. The bias be- 
tween the emitter and the base is there- 
fore a de voltage with an audio voltage 
component. Thus, the amplitude changes 
of the if signal are detected in the emit- 
ter-base circuit of transistor detector Q1. 
Since the bias of the emitter-base circuit 
is changing at the audio rate, the col- 
lector current also varies at the audio 
rate. Capacitor C3 filters out any vari- 
ations of the if signal present in the 
collector circuit. The audio signal is 
coupled to the output through trans- 
former T2. 

Capacitor C1 and the primary of trans- 
former T1 form a parallel resonant cir- 
cuit for the if signal which is coupled 
through the transformer to the emitter 
circuit of transistor detector Q1. Re- 
sistor R1 is the emitter-base bias resistor 
and capacitor C2 filters the amplitude 
changes. Capacitor C3 is an if bypass 
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Figure 282. Common-base transistor detector. 


and transformer T2 is the output coupling 
transformer. 


218. Fm Demodulation, Discriminator 

A discriminator in an fm receiver performs 
the same function as a detector in an am receiver. 
Figure 233 shows a transistorized version of an 
if stage and a discriminator. Detailed vector 
analysis of the discriminator operation is covered 
in TM 11-668. Amplifier Q1 amplifies the if 
signal applied to the discriminator. Resistor R1 
is the emitter swamping resistor and capacitor 
C1 is an if bypass. Capacitor C2 and the pri- 
mary of transformer T1 form a parallel resonant 
circuit for the if signal which is coupled through 
the transformer to the discriminator. Capacitor 
C3 couples the if signal to the secondary of trans- 
former T1 for phase shift comparison. The if 
signal, coupled across capacitor C3, is developed 
across coil Li. Capacitor C4 and the secondary 
of transformer T1 form a resonant circuit for 
the if signal coupled through the transformer. 
The top half of transformer T1 secondary, diode 
CR1, coil L1, load resistor R2, and filter capacitor 
C5 form one half of the comparison network. 
The bottom half of transformer T1 secondary, 
diode CR2, coil L1, load resistor R3, and filter 
capacitor C6 form the second half of the com- 
parison network. The audio output of the dis- 
criminator circuit is taken from the top of ca- 
capitor C5 and the bottom of capacitor C6. The 
audio output is coupled through capacitor C7 to 
the primary of transformer T2. The audio signal, 
coupled through transformer T2, is applied to 
the following stage. 


219. Fm Demodulation, Slope Detector 


a. A slope detector converts the frequency 
changes of a carrier signal into amplitude changes. 
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The amplitude changes can then be detected by 
an am diode detector or an am transistor de- 
tector. The input and output waveforms of a 
slope detector and an am diode detector are 
shown in figure 234. The if signal with fre- 
quency deviations is applied to slope detector Ql. 
The output of slope detector Q1, the if signal 
with amplitude and frequency deviations, is ap- 
plied to diode detector CR1. The resultant out- 
put is an audio signal which is equivalent to the 
frequency deviations of the if input signal. 

b. The if signal coupled through transformer 
T1 is applied to the base circuit. The resonant 
circuit consisting of coil L1 and capacitor C2 
(tuned slightly off the carrier frequency) devel- 
ops a large amount of if signal when the fre- 
quency deviation is near the resonant frequency. 
As the frequency deviation of the if signal be- 
comes lower than the resonant frequency of the 
resonant circuit, a smaller amount of if signal is 
developed. A large amount of if signal added to 
the bias voltage developed across resistor R1 in- 
creases the emitter-base bias and a small amount 
of if signal decreases the emitter-base bias. The 
emitter-base bias is therefore increasing and de- 
creasing as the frequency of the if signal in- 
creases and decreases, respectively. Since the 
bias of slope detector Q1 changes at the frequency 
deviation rate, the gain also changes at the fre- 
quency deviation rate. Thus, the output of the 
slope detector is an if signal that is changing in 
amplitude and frequency. The if signal applied 
to diode detector CR1 is rectified, filtered by coil 
L2, and developed across resistor R4. The output 
of the current output-type diode detector (par. 
2166) is an audio signal. 

e. Capacitor Cl and the primary of trans- 
former T1 form a parallel resonant circuit for the 
if signal which is coupled through the trans- 
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Figure 288. If amplifier and discriminator stage. 
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Figure 234. Slope detector and diode detector. 


former to the base circuit of slope detector Ql. 
Capacitor C2 and coil L1 form a parallel resonant 
circuit for a frequency slightly higher than the 
maximum frequency deviation of the if signal. 
Resistor R1 is the base-emitter bias resistor and 
resistor R3 is a voltage dropping resistor. Re- 
sistor R2 is the emitter swamping resistor and 
capacitor C3 is a bypass capacitor for the if 
signal. Transformer T2 is an output coupling 
transformer for slope detector Ql. Diode CR1 
is the am detector, resistor R4 is a load resistor, 
and coil L2 is a filter. 

220. Summary 


a. Amplitude modulation may be established by 
modulating an amplifier or an oscillator using 
base, emitter, or collector injection. 

b. Satisfactory high-level modulation is estab- 
lished with collector injection. 

ec. When an oscillator is amplitude modulated, 
it also is frequency modulated. 

d, The output frequency of an am oscillator 
does not usually have frequency multiplication 
before it is transmitted. 

e. An amplitude-modulated oscillator may be 
used in an am transmitter or an fm transmitter. 
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f. The amplitude changes in the carrier fre- 
quency of an fm transmitter are removed by a 
limiter stage. 

g. The distinguishing feature of a mixer stage 
is that it uses a separate transistor for generating 
the oscillator signal. 

h. In a converter stage, heterodyning takes 
place in the same transistor that generates the 
oscillator signal. 

4. The four frequencies present in the output 
of a mixer or a converter are the two original 
frequencies, the sum of the two original fre- 
quencies, and the difference of the two original 
frequencies. 

j. A current output-type diode detector may be 
used with transistors. 

k. A transistor detector detects and amplifies 
the audio component of a carrier signal. 

i. A discriminator circuit in an fm receiver per- 
forms the same function as a detector in an am 
receiver. 

m. The audio component of a frequency-mod- 
ulated carrier may be detected by using a dis- 
criminator or a slope detector. 


CHAPTER 13 


ADDITIONAL SEMICONDUCTOR DEVICES 
Te 


221. General 


Since the development of the point-contact and 
the junction transistor, continuous research in the 
field of semiconductors has provided many addi- 
tional semiconductor devices. Some of these semi- 
conductor devices are now used in military and 
commercial equipments. Many of them may be 
used in future equipments. The previous chapters 
of this manual cover the theory and application 
of the junction transistor. The point-contact 
transistor, the first transistor developed, is cov- 
ered briefly in paragraph 222. This chapter 
discusses briefly the theory and applications of 
some of the additional semiconductor devices. 
The additional semiconductor devices are as 
follows: 

a. The photosensitive semiconductors (par. 223). 

5. The tetrode transistor (par. 224). 

ce. The spacistor (par. 225). 

@, The unijunction transistor (par. 226). 

e. The four-layer diode (par. 227). 


222. Point-Contact Transistor 

a, The point-contact transistor (fig. 4) consists 
of a single piece of P-type or N-type material. 
The base contact forms a large area (low re- 
sistance) connection, but the emitter and the col- 
lector contacts form small area (high resistance) 
connections. 

6. Although the point-contact transistor em- 
ploys an N-type or a P-type material, P-type or 
N-type layers respectively are present under the 
contact points. The P-type layers present under 
the contact points in the N-type material or the 
N-type layers present under the contact points in 
the P-type material are formed during the manu- 
facturing process. The N-type point-contact tran- 
sistor is shown in A, figure 235. For biasing 
polarities, the N-type point-contact transistor may 
be considered similar to a PNP junction tran- 


sistor (par. 32); the P-type point-contact tran- 
sistor (B, fig. 235) may be considered similar to 
an NPN junction transistor (par. 33). The emit- 
ter is biased in the forward direction with respect 
to the base and the collector is biased in the 
reverse direction with respect to the base. 

e. The small area connections of the collector 
and the emitter to the N-type or P-type material 
provide a high resistance. Because of this high 
resistance, the point-contact transistor has a 
higher input and output impedance than the junc- 
tion transistor. The base current in a junction 
transistor is very small and the emitter current 
is larger than the collector current (par. 32). 
In a point-contact transistor, the base current is 
fairly large and the collector current, except for 
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Figure 235. Bias arrangement for N-type and P-type 
point-contact transistors. 
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greater nonlinearity, is greater than the emitter 
current. The characteristic curves of the point- 
contact transistor are similar to those of the junc- 
tion transistor (ch. 4). 


223. Photosensitive Semiconductors 


a. General. In a semiconductor material, the 
movement of the carriers may be caused by elec- 
trical, heat, or light energy. In a photosensitive 
semiconductor, light energy is used to contro] the 
movement of the carriers. To control the move- 
ment of carriers in a photosensitive semiconduc- 
tor, the light energy must be concentrated on a 
sensitive area of the photosensitive semiconductor. 
When the concentrated beam of light strikes the 
sensitive area of the photosensitive semiconductor, 
the current flow through the semiconductor in- 
ereases. When the light energy is decreased, the 
current flow through the photosensitive semicon- 
ductor decreases. The increase or decrease in 
light energy causes a proportional increase or 
decrease in the current flow through the semi- 
conductor. The point-contact photosensitive semi- 
conductor (6 below) and the junction photosensi- 
tive semiconductor (¢ below) are used in various 
circuits for detection, translation, switching, etc. 

b. Point-Contact. A point-contact photosensi- 
tive semiconductor is shown in A, of figure 236. 
The energy from the light source is concentrated 
into a beam through the lens. The concentrated 
beam of light energy strikes the sensitive area of 
the semiconductor. The light energy is increased 
or decreased by varying the intensity of the light 
source. An increase in light energy causes an 
increase in current flow and a decrease in light 
energy causes a decrease in current flow. The 
current flow through the load resistor varies pro- 
portionally to the intensity of the light source. 
Thus, the light energy is converted into elec- 
trical energy. The output signal is developed 
across the load resistor. The point-contact photo- 
sensitive semiconductor may be N-type or P-type 
materia]. The material is hollow ground on one 
side so that the light energy may be concentrated 
on the sensitive area. 

oc. Junction. 

(1) Single. A single junction photosensitive 
semiconductor circuit is shown in B, fig- 
ure 236. The operation of this circuit is 
identical with that described in 5 above 
except for the photosensitive semiconduc- 
tor. The sensitive area in the junction 


238 


R 
LENS SEMICONDUCTO! 


— 
LIGHT . 


SOURCE ~~" RL OUTPUT 


LIGHT. —*. RL 


souRcE —* Z ouTPUT 


Rt outPuT 
LIGHT 
SOURCE 


c 
TM690-393 


Figure 286. Photosensitive semiconductors. 


photosensitive semiconductor is located 
in the PN junction. The sensitive area 
of a single junction photosensitive semi- 
conductor may be located in either of 
the semiconductor materials. 

(2) Double. A double junction photosensi- 
tive semiconductor circuit is shown in C, 
figure 236. The operation of this circuit 
is identical with that described in 6 above 
except for the photosensitive semicon- 
ductor. The operation of the double 
junction photosensitive semiconductor 
may be compared to the operation of the 
junction transistor amplifier (par. 87). 
The light source, which strikes the first 
PN junction, may be considered equiva- 
lent to a signal applied to the emitter- 
base junction of a transistor amplifier. 
Current amplification takes place in the 


second PN junction, which is equivalent 
to the collector-base circuit of a tran- 
sistor amplifier. In the double junction 
photosensitive semiconductor, the varia- 
tion of collector current is greater than 
that of the point-contact and the single 
junction photosensitive semiconductors 
(b and (1) above). 


224. Tetrode Transistor 
a. Operation. 

(1) The highest frequency that can be am- 
plified by a three-terminal junction tran- 
sistor is limited by the input (emitter-base 
junction) capacitance and particularly 
the output (collector-base junction) ca- 
pacitance of the transistor. One method 
of reducing these capacitance values is to 
reduce the size of the transistor semicon- 
ductor material. However, this method 
is physically limited because the semi- 
conductor material must be large enough 
so that leads may be attached to the 
three regions. A second method is to 
restrict transistor action to a small por- 
tion of the semiconductor material so 
that the effect of a small size transistor 
with low input and output capacitance 
is obtained. To employ the latter method, 
a tetrode (four-terminal) transistor must 
be used. 

(2) A tetrode transistor is shown in A, figure 
987. The tetrode transistor is constructed 
in the same manner as the three-terminal] 
(PNP or NPN) junction transistor, ex- 
cept for the addition of a second terminal 
to the base region. Terminals 1, 2, and 3 
are the conventional emitter, base, and 
collector terminals, respectively, and are 
biased in the same manner as the three- 
terminal transistor. Terminal 4 is the 
second connection to the base region. By 
placing a negative bias on terminal 4, 
using battery Vas, the indicated voltage 
gradient occurs within the base region. 
Note that forward bias (emitter more 
negative than base) occurs only over a 
small portion of the emitter-base junc- 
tion. Current flow between base and col- 
lector also occurs over a small portion of 
the collector-base junction. Since the ef- 
fective input and output capacitances in- 


volve only the active portions of the 
emitter-base junction and the collector- 
base junction, respectively, these capaci- 
tance values are substantially reduced. 
The high-frequency response of the tet- 
rode transistor then, is substantially 
greater than that of the comparable three- 
terminal transistor. 

b. Application. A wide-band amplifier circuit 
employing a tetrode transistor is shown in B, fig- 
ure 237. The input signal is coupled through ca- 
pacitor (1 to the emitter-base circuit. The input 
signal aids or opposes the bias developed across re- 
sistor 21 and varies the emitter-base bias of wide- 
band amplifier Q1. Varying the bias at the rate 
of the input signal varies the collector current at 
the same rate. The variations of collector current 
are developed in the collector circuit and coupled 
through capacitor (3 to the following stage. Ca- 
pacitor C1 is the input coupling capacitor. Re- 
sistor R1 develops the emitter-base bias and re- 
sistor 22 is a voltage dropping resistor. The bias 
across the base region is obtained from battery 
Vex. Resistor 23 is a voltage dropping resistor. 
Resistor #4 and capacitor 02 form a low-fre- 
quency compensating network. Chokes Z1 and 
L2 form a high-frequency peaking circuit (ch. 9). 
Capacitor C3 is the output coupling capacitor. 


225. Spacistor 


a. General. In addition to the input and output 
capacitances of the three-terminal junction tran- 
sistor limiting the high-frequency amplification 
range (par. 224a(1)), another factor is the transit 
time of current carriers from emitter to collector. 
As the time of 1 cycle of the frequency to be 
amplified approaches the transit time, the gain 
falls off rapidly. In an electron tube, the transit 
time required for electrons to travel from cathode 
to plate also limits its high-frequency range. To 
reduce the transit time in the electron tube, the 
plate voltage is increased and the spacing between 
cathode and plate is decreased. In the conven- 
tional transistor, the transit time is long because 
very little voltage gradient exists in the base 
region so that current carriers in the base region 
diffuse (or migrate) from the emitter junction 
to the collector junction. Although physically 
limited, a partial solution is the reduction of the 
size of the base region. This method has in- 
creased the response of transistors to approxi- 
mately 75 megacycles. Other methods involving 
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Figure 237. Tetrode transistor and application in wide-band amplifier. 


nonuniform distribution of impurities in the base 
region have increased the response of transistors 
to 350 megacycles. The spacistor (fig. 238) elim- 
inates the diffusion of carriers through a base 
region; this device may be operated up to several 
kilomegacycles because of the resultant low transit 


time. 


b. Construction and Operation. 
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(1) A, figure 238, shows a portion of the 


spacistor; this is a reverse-biased PN 
junction. Note that the depletion region 
in the N-type material is larger than that 
in the P-type material. This is accom- 
plished by using a lower percentage of 
donor impurities in the N-type material 
than the percentage of acceptor impur- 
ities used in the P-type material (par. 
276). The larger depletion region in one 
of the materials is required so that two 


(2) 


connections ((1) and (2) below), can 
be made at the larger depletion region. 
With the bias indicated, very little cur- 
rent (only reverse-biased current) flows 
through the junction. However, a strong 
electric field exists on either side of the 
junction. Because of the very short dis- 
tance of the depletion region (several 
mils), a reverse bias of 100 volts will 
produce a substantial electric field of 
60,000 to 120,000 volts per centimeter. 
This intense field is used to reduce the 
transit time. 

A connection made to the upper depletion 
region (B, fig. 238) is called the injector. 
This terminal is biased by battery Vi. 
The voltage of battery V7 is less than that 
of battery Vcc, so that an electron current 
flows from the injector to the collector. 


The magnitude of this current is propor- 
tional to the difference in voltage between 
battery V7; and battery Vcc. The transit 
time of electrons from the injector to the 
collector is very low because of the intense 
field through which the electrons flow. 

(3) A second connection made to the deple- 
tion region on the same side of the junc- 
tion and close to the injector (C, fig. 238) 
is called a modulator. The modulator is 
actually a small section of P-type material 
forming a PN junction with the collector 
region. Battery Vu biases the modula- 
tor; the voltage of battery Vw is less than 
that of battery Vcc so that the PN junc- 
tion formed by modulator and collector 
regions is reverse biased. This reverse- 
biased PN junction produces a high input 
impedance at the modulator terminal. If 
battery voltage Vuy is varied, the current 
flow between the injector and the collector 


(4) 


A varying voltage (such as a sine wave) 
introduced between the modulator and in- 
jector then will result in a similarly vary- 
ing current to the collector. 

The spacistor, then, can be used as a 
very-high-frequency (or low-frequency) 
amplifier (¢ below). Since the modu- 
lator (acting as a control grid) draws no 
current, the input impedance between the 
modulator and injector (acting as a 
cathode) is extremely high (several meg- 
ohms). The input capacitance (between 
modulator and injector) is very low (1 
or 2 w»f) because of the small area each 
covers. The output capacitance (collec- 
tor to base) is very low because of the 
large depletion region. This acts as a 
capacitor, the plates of which are far 
apart. Under these conditions, current, 
voltage, and power gain can be achieved. 


varies accordingly. This effect indicates 
that the field between the modulator and 
the injector affects the injector current. 


c. Application. A practical amplifier using the 
spacistor is shown in D, figure 238. A signal is 
coupled to the modulator termina] through trans- 
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Figure 288. Spacistor and spacistor amplifier. 
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former T1. The voltage divider, consisting of 
resistors R2 and R3, establishes the modulator 
bias. Resistor R4, bypassed by capacitor C1, pro- 
vides the injector bias. Collector load resistor 
R1 develops the output signal. 


226. Unijunction Transistor 

a. Operation. The unijunction (single junc- 
tion) transistor (A, fig. 239) is actually a diode 
with two connections made to one portion of the 
semiconductor. The unijunction transistor is also 
referred to as a double-base diode. If terminals 2 
and 3 are connected together, the resultant device 
would have the characteristics of a conventional 
junction diode. 

(1) With battery Ves connected as indicated, 
electron current flows from terminal 3 
to terminal 2 as indicated. With ter- 
minal 1 connected to terminal 3, the PN 
junction is reverse biased. The only cur- 
rent flowing through terminal 1 is a 


reverse-bias current; this current consists 
of electron flow (solid-line arrow) from 
terminal 1 to the PN junction and holes 
(dashed-line arrow) from terminal 2 to 
the PN junction (ch. 3). 


(2) Battery Ves establishes within the N- 


type semiconductor the voltage gradient 
indicated from terminal 2 to terminal 3 
(B, fig. 239). Battery Vaz is inserted in 
the circuit between terminals 1 and 3 with 
the polarity indicated. If the voltage of 
battery Vez is less than the voltage gradi- 
ent opposite the P-type material, the con- 
dition shown in A, figure 239 prevails. If 
the voltage of battery V zz is greater than 
the voltage gradient opposite the P-type 
material, the PN junction becomes for- 
ward biased. Heavy electron current 
flow (solid-line arrows) occurs in the N- 
type material, and a heavy hole current 
flow (dashed-line arrows) occurs in the 
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Figure 239. Unijunction transistor and sawtooth generator. 
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P-type material; electrons flow out of 
terminal 1. 

(3) These characteristics ((1) and (2) 
above) of the unijunction transistor make 
it especially suitable for use in multi- 
vibrators and sawtooth generators (6 
below). 

b. Application. A sawtooth generator using a 
unijunction transistor is shown in C, figure 239. 
When power is applied to the circuit, the condi- 
tions are the same as those described in a(1) above. 
Capacitor C1 charges very slowly through the 
small amount of current flowing through the re- 
verse-biased PN junction. The charging time 
equals the product of the capacitance of capacitor 
C1 and the resistance of the reverse-biased PN 
junction. As capacitor C1 charges, the positive 
de voltage across it rises. When this voltage is 
greater than the voltage gradient opposite the 
P-type material, the PN junction is forward 
biased (a(2) above), and the capacitor discharges 


FORWARD REVERSE FORWARD 
BIAS BIAS BIAS 


very rapidly. The discharge time equals the 
product of the capacitance of capacitor C1 and 
the resistance of the forward-biased PN junction. 
After capacitor C1 is discharged, the conditions 
are again the same as those described in a(1) 
above. Capacitor Cl again charges and estab- 
lishes a forward bias for the PN junction. This 
sequence continues and the slow charging and 
rapid discharging of capacitor C1 produces a 
sawtooth waveform in the output. 


227. Four-Layer Diode 

a. Operation. The four-layer diode (A, fig. 
240) consists of four layers of semiconductor mate- 
rial. The four layers of N-type and P-type 
material form three PN junctions. When prop- 
erly biased, the center PN junction is reverse 
biased and the outer PN junctions are forward 
biased. The emitter-base junction of a three- 
terminal transistor is always forward biased, and 
the collector-base junction is always reverse biased 
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Figure 240. Four-layer diode, and sawtooth generator. 
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(pars. 32 and 33). The four-layer diode there- 
fore can be analyzed as two separate junction 
transistors. 
terial in the center divides the four-layer diode 
into a PNP transistor and an NPN transistor. 
The PN junction of the PNP transistor (B. fig. 
240) connected to the positive side of battery Vez 
is forward biased and is therefore the emitter-base 
junction. The remaining PN junction of the 
PNP transistor is reverse biased and is therefore 
the collector-base junction. The PN junction of 
the NPN transistor connected to the negative side 
of battery zz, is forward biased and is therefore 
the emitter-base junction. The remaining PN 
junction of the NPN transistor is reverse biased 
and is therefore the collector-base junction. The 
base of the PNP transistor is connected directly 
to the collector of the NPN transistor. The col- 
lector of the PNP transistor is connected directly 
to the base of the NPN transistor. The schematic 
representation of the four-layer diode is shown in 
C, figure 240. Proper biasing is obtained from 
battery Vaz. The arrows represent electron 
current flow. 

b, Application. The schematic diagram of a 
sawtooth oscillator employing the four-layer diode 
is shown in D, figure 240. Battery Vez furnishes 
power for the oscillator circuit. Switch S1 com- 
pletes the circuit and applies power to the oscil- 
lator circuit. The time constant of resistor 71 
and capacitor (1 determines the frequency of os- 
cillation. The four-layer diode may be considered 
the equivalent of a thyratron electron tube which 
provides a discharge path for capacitor Cl. When 
power is applied to the circuit through switch S1, 
capacitor C1 appears as a short circuit. Current 
flows through resistor A1 and capacitor @1 
charges. When the voltage drop across capacitor 
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C1 provides sufficient bias, curreut flows through 
the four-layer diode. Capacitor (1 then dis- 
charges rapidly through the four-layer diode. As 
capacitor (1 discharges, the bias applied to the 
four-layer diode decreases. When the bias reaches 
a minimum value for conduction, the four-layer 
diode stops conducting. Capacitor C1 again 
charges to a point where sufficient bias causes the 
four-layer diode to conduct. This sequence keeps 
repeating, and the output coupled through capac- 
itor C2 is a sawtooth waveform. 


228. Summary 

a, A P-type point-contact transistor operates 
similarly to an NPN junction transistor and an 
N-type point-contact transistor operates similarly 
to a PNP junction transistor. 

&. In a photosensitive semiconductor, the light 
energy must be focused into a beam to fall on 
a sensitive area of the semiconductor. 

c. The photosensitive semiconductor converts 
the light energy into electrical energy. 

d. The tetrode transistor has low input and 
output capacitances and can be used in high- 
frequency applications. 

e. The spacistor may be used to amplify fre- 
quencies in the kilomegacycle range, because of 
the low transit time required for current carriers 
to flow from injector to collector. 

f. Input and output impedances of a spacistor 
are very high in comparison to the junction tran- 
sistor. 

g. The unijunction transistor is a single junc- 
tion semiconductor with three electrodes. It may 
be used in multivibrators and sawtooth generators. 

h. Operation of a four-layer diode can be con- 
sidered the equivalent of two junction transistors. 


APPENDIX | 
LETTER SYMBOLS 


1. Roman Letters 


A re 
rat in 
Meaning or description paragraph 
Band pass of a resonant circuit---_- 146 
Automatic gain contro]__.._.-.-.-.- 157 
Current gain_______..------------- 54 
Amplitude modulation_-...-------- 3 
Voltage gain-._.--..--.----------- 55 
Beat frequency oscillator----------- 215 
Constant (when following an equal 
(=) sign)_...-...--------------- 51 
CB_....--- Common-base configuration_.._--_-- 38 
Cian nnsdue Interelement capacitance between 
base and collector_-_-_---------- 103 
Cases seus Interelement capacitance between 
base and emitter. -_-------------- 103 
Opes es lse Interelement capacitance between 
collector and emitter__----------- 103 
(6 eee Common-collector configuration - -- -- 38 
CEs oecvein Common-emitter configuration - - ---- 38 
CMa soe Centimeter_-_....-.-------------- 15 
Oxon wes owes Neutralizing capacitor-------.----- 154 
OR oe cudacs Junction diode__----_- 86 
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Continuous wave transmission - - - _-. 215 
Input voltage._.....-.--.--------- 94 
Output voltage___...------------.- 94 
Frequency modulation.......------ 3 
Cutoff frequency .--.-------------- 186 
Frequency of resonance. _----.----- 146 
Power gain. -_-------------------- 56 
Base-collector conductance -_ -.-_--- 70 
Base-emitter conductance - _-------- 70 
Collector-emittance conductance. - - - 70 
Forward transfer conductance... --- 70 
Input conductance__....---.-.----- 70 
Maximum power~..--..-.--------- 60 
Output conductance. _-_.-.-.------ 70 
Reverse transfer conductance. - ---- - 70 
Hybridis.2222cnboceecdscee ce sees 51 
hijeseccdadncn Input resistance of common-base con- 
figuration with output short-cir- 
cGuiteda:.. 222222 -.2 o-oo eee 62 
Risteuwcc soos Input. resistance of common-collector 63 
configuration with output short- 
circuited. 
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Rigi seinehos Input resistance of common-emitter 51 
configuration with output short- 
circuited. 
Nogeccscess Output conductance of common-base 62 
configuration with input open. 
Neossage Soe Output conductance of common- 63 
collector configuration with input 
open. 
| eee a Output conductance of common- 52 
emitter configuration with input 
open. 
dees eens Total emitter current___...------ 43 
yf Perens Changing base current (ac)._._-.--- 47 
[a De base current_____-------------- 51 
tei ooeeceee Changing collector current (ac) 47 
ee De collector current. —.------------- 52 
See Intermediate frequency ------------ 211 
Mivoeovnsse Turns ratio of a transformer ----_--_- 146 
ma.._----- Milliampere_-----.--------------- 30 
MV ee eee Millivolt_=-2. 3242 222 seeceesese ese 58 
mw-__._-.-- Milliwatt<.2.22c220222+----s5c255- 102 
WN Sseueews Number of turns in an inductor.--.__ 146 
N-type.___- Semiconductor with donor impurity _ 2 
NPN. x 2202 Transistor with one P-type and two 2 
N-type semiconductors, 
P-type....- Semiconductor with acceptor impu- 2 
rity. 
[ Ere PoWerecesc hee eeeiaceldwieseeese 31 
PN ood Combination of N-type and P-type 2 
semiconductors. 
PNP oowcn ws Transistor with one N-type and two 2 
P-type semiconductors. 
(4 ee ees Selectivity of a resonant circuit.... 146 
Bl 2.6 ons Thermistor._.....--.-----------.- 83 
Tests sscs Ac base resistance_...------------- 68 
RCzce5.558 A coupling circuit employing a resistor 88 
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Vacs tassess Ac collector resistance__...--------- 68 
Picidestenus Ac emitter resistance.....---------- 68 
Picncot tae Forward transfer resistance with in- 68 
put open. 
Visesenss ses Input resistance with output open-- 68 
Rpzssesces= Load resistor_......------------.-- 54 
Vgwwe oo auSe Mutual resistance. ____..---.------ 68 
Riyosss-ses Neutralizing resistor_.__..--------- 154 
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open. 2c =hese let ses 68 
Spessaeinss Current-stability factor 75 
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180 
187 
187 
187 
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.- Source voltage. --_---------------- 54 
PicleSe sete Changing voltage (ac) between base 
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Veacudcess Admittance. _...._---------------- 70 
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fication factor for the CB configura- 
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Bfos= 222532 Forward short circuit current amplifi- 
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HON). 2oc5 2. ek So ena gaze eeeesee 63 
Ope. ------- Forward short circuit current ampli- 
fication factor for the CE configu- 
fation. 2.2 522) coo.scecoeesescad< 52 
fener eee Delta; incremental change... -.-..-- 51 
O02 tee cusos Infinity .s o.oo ect eect ee cee seees 77 
pO___----- Microampere.-.---.-------------- 30 
Broseeecess Reverse open-circuited voltage ampli- 
fication factor for CB configuration- 62 
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Mre--------- Reverse open-curcuited voltage ampli- 
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GLOSSARY 
DEFINITIONS OF UNUSUAL TERMS 


Acceptor Impurity—A substance with three (3) 
electrons in the outer orbit of its atom which, 
when added to a semiconductor crystal, pro- 
vides one hole in the lattice structure of the 
crystal. 

Amplifier, Class A—An amplifier in which the 
swing of the input signal is always on the 
linear portion of the characteristic curves of 
the amplifying device. 

Amplifier, Class AB—An amplifier which has the 
collector current or voltage at zero for less than 
half of a cycle of input signal. 

Amplifier, Class B—An amplifier which operates 
at collector current cutoff or at zero collector 
voltage and remains in this condition for 4% 
cycle of the input signal. 

Amplifier, Class C—An amplifier in which the 
collector voltage or current is zero for more 
than 14 eycle of the input signal. 

AND Cireuit (AND Gate)—A coincidence cir- 
cuit that functions as a gate so that when all 
the inputs are applied simultaneously, a pre- 
scribed output condition exists. 

AND-OR Circuit (AND-OR Gate)—A gating 
circuit that produces a prescribed output con- 
dition when several possible combined input 
signals are applied; exhibits the characteristics 
of the AWD gate and the OF gate. 

Astable Multivibrator—A multivibrator that can 
function in either of two semistable states 
switching rapidly from one to the other; re- 
ferred to as free running. 

Barrier—In a semiconductor, the electric field be- 
tween the acceptor ions and the donor ions at 
a junction. (See Depletion Layer.) 

Barrier Height—In a semiconductor, the differ- 
ence in potential from one side of a barrier to 
the other. 
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Base (junction transistor)—The center semicon- 
ductor region of a double junction (NPN or 
PNP) transistor. The base is comparable to 
the grid of an electron tube. 

Base Spreading Resistance—In a transistor, the 
resistance of the base region caused by the re- 
sistance of the bulk material of the base region. 

Beat Frequency Oscillator—An oscillator that 
produces a signal which mixes with another 
signal to provide frequencies equal to the sum 
and difference of the combined frequencies. 

Bistable Multivibrator—aA circuit with two stable 
states requiring two input pulses to complete 
a cycle. 

Blocking Oscillator—A relaxation type oscillator 
that conducts for a short period of time and is 
cut off for a relatively long period of time. 

Clamping Circuit—A circuit that maintains either 
or both amplitude extremities of a wave form 
at a certain level or potential. 

Collector—The end semiconductor material of a 
double junction (NPN or PNP) transistor that 
is normally reverse-biased with respect to the 
base. The collector is comparable to the plate 
of an electron tube. 

Common-Base (CB) Amplifier—A transistor am- 
plifier in which the base element is common to 
the input and the output circuit. This config- 
uration is comparable to the grounded-grid 
triode electron tube. 

Common-Collector (CC) Amplifier——A transistor 
amplifier in which the collector element is 
common to the input and the output circuit. 
This configuration is comparable to the electron 
tube cathode follower. 

Common-Emitter (CE) Amplifier—A transistor 
amplifier in which the emitter element is com- 
mon to the input and the output circuit. This 
configuration is comparable to the conventional 
electron tube amplifier. 


Complementary Symmetry Circuit—An arrange- 
ment of PNP-type and NPN-type transistors 
that provides push-pull operation from one 
input signal. 

Compound-Connected Transistor—A combination 
of two transistors to increase the current 
amplification factor at high emitter currents. 
This combination is generally employed in 
power amplifier circuits. 

Configuration—The relative arrangement of parts 
(or components) in a circuit. 

Constant Power Dissipation Line—A line (super- 
imposed on the output static characteristic 
curves) representing the points of collector 
voltage and current, the products of which 
represent the maximum collector power rating 
of a particular transistor. 

Cross-Over Distortion—Distortion that occurs at 
the points of operation in a push-pull amplifier 
where the input signals cross (go through) the 
zero reference points. 

Current Stability Factor—In a transistor, the 
ratio of a change in emitter current to a change 
in reverse-bias current flow between the col- 
lector and the base. 

Cutoff Frequency—The frequency at which the 
gain of an amplifier falls below .707 times the 
maximum gain. 

Dependent Variable—In a transistor, one of four 
variable currents and voltages that is arbitrarily 
chosen and considered to vary in accordance 
with other currents and voltages (independent 
variable). 

Depletion. Region (or Layer)—The region in a 
semiconductor containing the uncompensated 
acceptor and donor ions; also referred to as 
the space-charge region or barrier region. 

Differentiating Circuit—A circuit that produces 
an output voltage proportional to the rate of 
change of the input voltage. 

Donor Impurity--A substance with electrons in 
the outer orbit of its atom; added to a semi- 
conductor crystal, it provides one free electron. 

Double-Junction Photosensitive Semiconductor— 
Three layers of semiconductor material with an 
electrode connection to each end layer. Light 
energy is used to control current flow. 

Dynamic Transfer Characteristic Qurve—in tran- 
sistors, a curve that shows the variation of 
output current (dependent variable) with varia- 
tion of input current under load conditions. 


Electron-Pair Bond—A valence bond formed by 
two electrons one from each of two adjacent 
atoms. 

Elemental Charge—The electrical charge on a 
single electron (megatron or positron). 

Emitter-Follower Amplifier—See Common-Col- 
lector Amplifier. 

Emitter (junction transistor)—The end semicon- 
ductor material of a double junction (PNP or 
NPN) transistor that is forward-biased with 
respect to the base. The emitter is comparable 
to the cathode of an electron tube. 

Equivalent Circuit—-A diagrammatic circuit rep- 
resentation of any device exhibiting two or 
more electrical parameters. 

Fall Time—The length of time during which the 
amplitude of a pulse is decreasing from 90 per- 
cent to 10 percent of its maximum value. 

Forward Bias—In a transistor, an external po- 
tential applied to a PN junction so that the 
depletion region is narrowed and relatively 
high current flows through the junction. 

Forward Short Circuit Current Amplification 
Factor—In a transistor, the ratio of incremen- 
tal values of output to input current when the 
output circuit is ac short-circuited. 

Four-Layer Diode—A diode constructed of semi- 
conductor materials resulting in three PN junc- 
tions. 
end layer. 

Gating Cireuit—A circuit operating as a switch, 
making use of a short or open circuit to apply 
or eliminate a signal. 

Grounded Base Amplifier—See Common-Base 
Amplifier. 

Hole—A mobile vacancy in the electronic valence 
structure of a semiconductor. The hole acts 
similarly to a positive electronic charge having 
a positive mass. 

Hybrid Parameter—The parameters of an equiva- 
lent circuit of a transistor which are the result 
of selecting the input current and the output 
voltage as independent variables. 

Inerement—A small change in value. 

Independent Variable—In a transistor, one of 
several voltages and currents chosen arbitrarily 
and considered to vary independently. 

Inhibition Gate—A gate circuit used as a switch 
and placed in parallel with the circuit it is 
controlling. 
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Electrode connections are made to each ° 


Interelement Capacitance—The capacitance caused 
by the PN junctions between the regions of a 
transistor; measured between the external leads 
of the transistor. 

Junction Transistor—A device having three al- 
ternate sections of P-type or N-type semicon- 
ductor material. See PVP Transistor and NPN 
Transistor. 

Lattice Structure—In a crystal a stable arrange- 
ment of atoms and their electron-pair bonds. 

Majority Carriers—The holes or free electrons in 
P-type or N-type semiconductors respectively. 

Minority Carriers—The holes or excess electrons 
found in the N-type or P-type semiconductors 
respectively. 

Monostable Multivibrator—A multivibrator hav- 
ing one stable and one semistable condition. 
A trigger is used to drive the unit into the 
semistable state where it remains for a pre- 
determined time before returning to the stable 
condition. 

Multivibrator—A type of relaxation oscillator 
for the generation of nonsinusoidal waves in 
which the output of each of two stages is 
coupled to the input of the other to sustain 
oscillations. See Astable Multivibrator, Bi- 
stable Multivibrator, and Monostable Multi- 
vibrator. 

Neutralization—The prevention of oscillation of 
an amplifier by canceling possible changes in 
the reactive component of the input circuit 
caused by positive feedback. 

NOR Cirewt--An. OR gating circuit that pro- 
vides pulse phase inversion. 

NOT AND Circuit—An AND gating circuit that 
provides pulse phase inversion. 

NPN Transistor—A. device consisting of a P-type 
section and two N-type sections of semicon- 
ductor material with the P-type in the center. 

N-Type Semiconductor—A semiconductor into 
which a donor impurity has been introduced. 
It contains free electrons. 

Open Circuit Parameters—The parameters of an 
equivalent circuit of a transistor which are the 
result of selecting the input current and output 
current as independent variables. 

OR Circuit (OR Gate)—A gate circuit that pro- 
duces the desired output with only one of 
several possible input signals applied. 

Parameter—-A derived or measured value which 
conveniently expresses performance; for use in 
calculations. 
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Photosensitive Semiconductor—A semiconductor 
material in which light energy controls current 
carrier movement. 

PN Junction—The area of contact between N-type 
and P-type semiconductor materials. 

PNP Transistor—A device consisting of an N- 
type section and two P-type sections of semi- 
conductor material with the N-type in the 
center. 

Point-Contact—In transistors, a physical connec- 
tion made by a metallic wire on the surface 
of a semiconductor. 

Polycrystalline Structure—The granular struc- 
ture of crystals which are nonuniform in shape 
and irregularly arranged. 

Preamplifier—A. low level stage of amplification 
usually following a transducer. 

P-Type Semiconductor—A semiconductor crystal 
into which an acceptor impurity has been in- 
troduced. It provides holes in the crystal lattice 
structure. 

Pulse Amplifier—A wide-band amplifier used to 
amplify square wave forms. 

Pulse Repetition Frequency—The number of non- 
sinusoidal cycles (square waves) that occur in 
1 second. 

Pulse Time—The length of time a pulse remains 
at its maximum value. 

Quiescence—The operating condition that exists 
in a circuit when no input signal is applied 
to the circuit. 

Reverse Bias—An external] potential applied to 
a PN junction such as to widen the depletion 
region and prevent the movement of majority 
current carriers. 

Reverse Open Circuit Voltage Amplification Fao- 
tor—In a transistor, the ratio of incremental 
values of input voltage to output voltage meas- 
ured with the input ac open-circuited. 

Rise Time—The length of time during which the. 
leading edge of a pulse increases from 10 per- 
cent to 90 percent of its maximum value. 

Saturation (Leakage) Current—The current flow 
between the base and collector or between the 
emitter and collector measured with the emitter 
lead or the base lead, respectively, open. 

Semiconductor—A. conductor whose resistivity is 
between that of metals and insulators in which 
electrical charge carrier concentration increases 
with increasing temperature over a specific tem- 
perature range. 


Short Circuit Parameters—The parameters of an 
equivalent circuit of a transistor which are the 
result of selecting the input and output voltages 
as independent variables. 

Single-Junction Photosensitive Semiconductor— 
Two layers of semiconductor materials with an 
electrode connection to each material. Light 
energy controls current flow. 

Spacistor—A semiconductor device consisting of 
one PN junction and four electrode connections 
characterized by a low transient time for car- 
riers to flow from the input element to the 
output. element. 

Stabilization—The reduction of variations in volt- 
age or current not due to prescribed conditions. 

Storage Time—The time during which the output 
current or voltage of a pulse is falling from 
maximum to zero after the input current or 
voltage is removed. 

Stray Capacitance—The capacitance introduced 
into a circuit by the leads and wires used to 
connect circuit components. 

Surge Voltage (or Current)—A large sudden 
change of voltage (or current) usually caused 
by the collapsing of a magnetic field or the 
shorting or opening of circuit elements. 

Swamping Resistor—In transistor circuits, a re- 
sistor placed in the emitter lead to mask (or 
minimize the effects of) variations in emitter- 
base junction resistance caused by variations in 
temperature. 

Tetrode Transistor—A. junction transistor with 
two electrode connections to the base (one to 
the emitter and one to the collector) to reduce 
the interelement capacitance. 

Thermal Agitation—In a semiconductor, the ran- 
dom movement of holes and electrons within a 
crystal due to the thermal (heat) energy. 

Thyratron—A gas-filled triode electron tube that 
is used as an electronic switch. 

Tranaducer—A device that converts one type of 
power to another, such as acoustical power to 
electrical power. 

Transistor—A. semiconductor device capable of 
transferring a signal from one circuit to an- 


other and producing amplification. See Junc- 
tion Transistor. 

Triggered Otircuit—A circuit that requires an 
input signal (trigger) to produce a desired 
output determined by the characteristics of the 
circuit. 

Trigger Pulse Steering—In transistors, the rout- 
ing or directing of trigger signals (usually 
pulses) through diodes or transistors (called 
steering diodes or steering transistors) so that 
the trigger signals affect only one circuit of 
several associated circuits. 

Tuned-Base Oscillator—A transistor oscillator 
with the frequency-determining device (reso- 
nant circuit) located in the base circuit. It 
is comparable to the tuned grid electron tube 
oscillator. 

Tumed-Collector Oscillator—A transistor oscille- 
tor with the frequency-determining device lo- 
cated in the collector circuit. It is comparable 
to the tuned plate electron tube oscillator. 

Turnoff Time—The time that it takes a switching 
circuit (gate) to completely stop the flow of 
current in the circuit it is controlling. 

Unijunetion Transistor—A PN junction tran- 
sistor with one electrode connection to one of 
the semiconductor materials and two connec- 
tions to.the other semiconductor material. 

Unilateralization—The process by which an am- 
plifier is prevented from going into oscillation 
by canceling the resistive and reactive com- 
ponent chenges in the input circuit of an am- 
plifier caused by positive feedback. 

Unit Step Ourrent (or Voltage)—A current (or 
voltage) which undergoes an instantaneous 
change in magnitude from one constant level 
to another. 

Voltage Gain—The ratio of incremental values 
of output voltage to input voltage of an am- 
plifier under load conditions. 

Wide-Band Amplifier—An amplifier capable of 
passing a wide range of frequencies with equal 
gain. 

Zener Diode—A PN junction diode reverse-biased 
into the breakdown region; used for voltage 
stabilization. 
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Output resistance_____-___---------------------------------- 104c 

Comparison of volume controls (transistor and electron tube) ---~_--- 120 

Compensation. _.__..--..--------------------------------------- 1626 
High. frequeney... <. .- as 2 oe ste is se bo os eee eee eesees 165 
‘Low frequency__..-_.-----------------------------------+---- 166 
Simultaneous high and low_---------------------------------- 168 

Complementary symmetry_.._..---------------------------------- 134 
Bridge arrangement. -___...---------------------------------- 141 
Cireuits:.. 2. cc ccestet i scnea este Sool i ese ce essences 135, 136 
Compound connection.-_._---.------------------------------ 139 

COMpOUNG: 6 oho cae rots Sees a Gn ae teas Sa nneenene eee ae ee 9b 

Compound-connected transistor...__-.--.------------------------- 137, 138 

Compound-connection, complementary symmetry------------------- 139 


Conductance of transistor: Paragraph 
Input... .--------------------------------------- 25-200 - ee 706 
Output._.. ---------------------------------------------+-- 52 

Conductors._.-------------------------------------------------- 15a 

Conductivity, crystal 17d 

Configurations, comparison-.-------------------------------------- 104, 105 

Constant power dissipation line---- - ------------------------------ 102 

Conversion of current generator_---------------------------------- 58 

Converter..-------------------------------------2-- otc 214 

Coupling networks- --------------------------------------------- 145 
Autotran:former---.---.------------------------------------ 149 
Capacitance--...------------------------------------------- 150, 151 
Direct____.------------~------------------------------------ 118 
Impedance. ------------------------------------------------ 147 
Inductive_-_..--------------------------------------------- 151b 
Interstage---------------------------------------------- 116, 117, 118 
RC._____-_.------------------------ ener errr 116 
Transformer,----------------------------------------------- 117 

Double-tuned_ 151 
Single-tuned--_.---------------------------------------- 148 

Tuned amplifier----.---------------------------------------- 1456 

Wide-band amplifier-_-...----------------------------------- 162 

Crystal characteristies-_-----.----------------------------------- 16, 17 

Crystal oscillator. ----------------------------------------------- 177 
Colpitte. 2.0.22. 22-2i8.s2ecteeeeeed- state else nts ee cet bares 175 
Tickler coil féédback--.-..---------------------------------- 1776 

Current amplification factor: 

CB and CC configurations_----------------------------------- 62c 

CE configuration 52a 

Current divider volume control-_--_------------------------------ 1206 

Current flow_...--.--------------------------------------------- 146 
CB configuration 40a 
CC configuration 42a 
CE configuration_-.-.--.------------------------------------ 4la 

Current gain_..-.----------------------------------------------- 64, 100 
CB configuration_-----.------------------------------------- 64a 
CC configuration_------..----------------------------------- 64b 
CE configuration.--..-_.------------------------------------ 54 

Current generator._--------------------------------------------- 58 

Current output type diode detector_--_---------------------------- 216d 

Current stability factor: 

CB configuration 77¢ 

CC configuration_- 77e 

CE configuration_.-.....------------------------------------ Tid 

Curves, characteristic: 

Constant power dissipation line... ---.------------------------- 102 

Dynamic transfer-----.-------------------------------------- 101 

Load line___----_-.--_.-------------------------------~----- 100 

Station. 220 ek et news ete ae saee eka tebe setae eas 51, 62c 

Curves, characteristic, static: 

Forward transfer_......__----------------------------------- 101 

Output_..-------------------------------------------------- 100 

Cw detection. ._-_----------------------------- Seegeectsse seta’ 2154 

Definitions.._......------.-----------------------------+------- Glossary 

Degeneration... -.--.-------------------------------------------- 1116(3) 

Detection (demodulation) : 

AM. one ec ne pone nnn dd acbest ed scan ee sens seseeeeeee se see 2156 
Diode.--_-_.-.--.--....--------------------------------- 216 
Transistor: 

Common-base._._.---------------------------------- 2176 
Common-emitter___-.------------------------------- 2174 


148, 149 
119 
146 
149 
118, 119 


255 
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Detection (demodulation)-—Continued Paragraph 
Cwoits.n 25s ee sree Sens See Ch hs ee a et 215a 
Bisco ve seassiee ce cosc estou cen teest oe cets peceay ese es 215¢ 
Discriminator..2...22c626. see sweetie te eee wee eee ene ye 218 
Slope:detector=..3. 2 s2sccncu diate scoieddebe ies ceccs ete 219 
Diblet. cccaecncasdoedccesoa tec tan eases tSeseameeaedareudes 15) 
Diode: 
Action in PN junction_.____-..----..------------------------ 30 
Bias stabilization._......----.------------------------------- 85 
Detector: 
Current-output type-...-_---.--------------------------- 216b 
Voltage-output type---.---------.----------------------- 216a 
JUNCHON: 2 ascend s5068 Solo doe SEE eee sees ween 2b 
Point-contact:2 22.025 oss lost eet a eee SEE aL 2d 
Temperature control__.--.----.----.----+-----+-------+------ 95 
Direct-coupled amplifiers_.__---.-----.--------------------------- 118 
Discriminator 218 
Dissipation line, constant power_..--.----.----.- Eig GE SEs toe 9 a 102 
Donor impurities__....--.-_------.------------------------------ 180(1) 
Double-diode bias stabilization..--...-----.-----.----------------- 87 
Double junction photosensitive device. .._---.-----.----.--..------ 223¢ 
Dynamic transfer characteristic curve....-------------------------- 101 
Eccles-Jordan trigger circuit__.__--..---------------.------------- 193a 
Electrical balance and unbalance..___---..---.----.---.---------.- 13 
BiGerOh cc otic ck so ceed Sa oe eG eee nde ete 12 
Hieotron:Aow 2 onc cece ee ses eee cee sect a cece eee cece ese 14b 
Element...._....------------------ 9a 
Emitter-base junction resistance 74b 
Emitter resistance__--._----------------------------------------- 78 
Emitter voltage control, bias stabilization_.__....-.---------------- 182 
Equalization, gain_.--...--.------------------------------------- 152 
Equation, input circuit._........--.-------------+---------------- 49, 62, 63 
Equation, output circuit..__---.-------------------------------- 50, 62, 63 
Equivalent circuit: 
CB configuration..-.-._----..------------------------------- 62d, € 
CC configuration. _...----..------------------+--------------- 63d, e 
CE configuration-_..-._.------------------+--------0---- eo eee 45 
Hybridesccctccosecseces scones se eecue cassie Sessa ete ce 53 
External characteristics, crystal._...-....------------------------- 16b 
Fall timesc. 3 sosssectencse ee seete cesses dese eet osek te 5t Ges 187d 
Feedback, degeneration 1110 
Feedback, regeneration. .....----.-------------------------------- 170a 
Fm detection 215c 
Forward-bias 29 
Forward-bias stabilization.-.......--------------+---------------- 86 
Forward transfer: 
Conductance 70 
Resistance. <..j 226455 .6¥S5 seat ese peel es see oe sie Sesceees 68 
Static characteristic curve-. 101 
Four-layer diode____....-------------------+-------------------- 227 
Four-transistor bridge. __----.-.---------------+------+---------+- 143 
Free electron... a. -cnsscsccewcudesueene es ssehe. deererteatoeenacer l4a 
Frequency: 
Compensation_-_..._-----------+---------------------------- 1626 
High’s.-2 = cece Secst seco tesa cara ch le i sawe tee esaes 165 
LOW ioe dey one kG ake BeeGe Re eee eee ene eee 166 
Limitations of oscillators...__--_.-----------------+---------- 170e 
Limiting elements in wide-band amplifiers... 163 
Modulated oscillator. -__.--.--..---------------------------- 209d 
Stability. -ccsiee leche sehen gos esbbteewse tedeseceeees 172 


151 
55, 72, 75 
56, 72, 75 


73 
77 


Gain: Paragraph 


Control, automatic.__......-.--_--.-----------------------_- 157 
Outrenti 22 s6e2 ss. ses se ce eee oe ee oe ee 64 
Equalization. 222-0222 =< 2¢25-vos2e covet fi ohe notes 152 
PoweP ico sececccde ee ents eee te ore tes ee otto as 64b 
Transducer... i2c05-csesescsces ent tee so cenicee cekiees cee eee! 60a 
Noltagé@ os 35120. 2e es. cscteu vee eselek eto ibe oy eee 64b 
Gating olfeiteco. so sck oe Soe ces be Sw eae eA ee been bauoe 197 
AND and NOT-AND__-____-_-----_-----------------------_- 199 
AND-OR:W sos23.2 sponse sees Sees de shee aioe eck eceué ees 200 
OR and NOR. 2225. sosee.cecocs ve Scene ees cccccceteasens 198 
Series 5.22) set tessa cess oh ice cc ta occeecee es se oe sec, 201 
Shunt. __.____- 202 
Germanium crystal 17 
Graphical symbols for transistor_._.-..--...-._.-_--.------------- 365 
Hartley oscillator: 
Series feds 5250.50. obese Ssllc oes oe A ee 1766 
Shunt fed si cs22 2 oo esdee se boceseee tse thud colle See cees 176a 
High frequency compensation -----_..--_.-.--.----.------------_- 114, 
Series: oss coc oe ctl edee seenoeecaceves cee ncckoewesiescceke 165b 
Series-shunt..___..-_-.-.-.----------- 22+ sens a-e Sid Bits 165c 
Bhuntss- 42 ecel eet ee eh en ee es ooo 165a 
History of transistors._...-_....---.-.-.-------.----------- ee 2 
Holess2- S572 220 ass sla gs A an st re ae 24 
Movement-_--_.-_----.---.-------20-- oe ee een eee 21 
Properties and characteristics. __....__.......-----.--.-_.- Le 22 
Impedance coupling... ._....._----.--.--------~----------------- 147 
Improper operating point (effects). -_._...._..-_.--..----2- 2. - 1016(3) 
Impurities: 
Acceptor. _ 180(2) 
Donor obstetric 2 eee ote 18b(1) 
Independent variable 47 
Inductive coupling 151b 
Injection into configuration 205 
Injection of oscillator frequency _-_-.___.-._...-._----2-- 2 eee 212 
Input: 
Circuit equation: 
CB configuration. __...._-.--..-.--.- 2222-22 ---- eee 62a 
CC configuration -__....--..-.--. 2-22-22 eee eee 63a 
CE configuration. _-._...-.--.--- 222-222 49, 53 
Conductance. _._...- 2-2-1222 eee eee eee eee 70 
Differences between transistor and vacuum tube_.______._______ 170¢ 
Pulse steering: 
Diode. 2.2.2 s.2sttiacsue west cul oe desc eos oe 1946 
Transistors 226532 2255 legos Sec beac eco oe eke 194¢ 
Resistance: 
CB configuration. ____..--_.---- 2-22-22 62c, 1lla 
CC configuration. _-..-..-.-.2 222 eee. 63c, 1116 
CE configuration. -_._..--.....-..2---22-- eee 57, 111b 
Insulator< 2552 Scecetsego. Wonk 2 ee ee eee Poe 156 
Interelement capacitance: 
Collector-base-.___.----.--.--2 2-22 eee ee 1034 
Collector-emitter_-..-._-_--.--2 222-2 103b 
Emitter-base___.--_- 2222-22 103¢ 
Internal structure, atom___...____.._.___..-_____-__-.___.. ee 9d 
Internal structure, crystal._...____.._.__..__.--__-___- ee 16¢ 
Interstage coupling: 
Directs. = soc0 Gaekebese coed eceseasereectul ty 118 
RG ie Sc reas Sate dan duet acess ee al ewe Bae Nene dae 116 
Transformer.____-..-....--.--..-.--__--_-_--__-.-__.----_ 117 


257 
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Junction: Paragraph 
Barrief 2: 22052 csc dcsnec coset ets ol Stas ctoee se peceeecsaus 27 
Diod6 225 hese ot oo is we ee ee ees ie teeeesees 2d 
Photosensitive...._...-------------------------------------- 223 
PN oe sed sot once ten sca5 acco ueesacee s-£e5ae 25 
Reversé-bias. oc bane is eee de ee Set uk ee ee eee eee eee 28 

Lattice structure, crystals__.___._.--.---------------------------- lic 

Letter symbols... 2... 2-550 2 psn nn ee ee Se en oS dess appx I 

Linear operation.__.._-._--------------------------------------- 1010(1) 

‘Lied line s.c no vonue cd edetenan cocew ous een teeectsageudeccek eee se 100 

Load resistance (matched condition) -_--.------------------------- 60 

Low-frequency compensation. --..--.------------------------ 112, 113, 166 

Low-frequency phase distortion... .__--.------------------------- 164 

Matched power gain_.-._...------------------------------------- 605 

Matter, structure 9, 11-13 

Mixer._..-.------- 213 

Mixing: #2. 00¢2.25-5- 32 sense secshscectetecesetd secscssecaes sees 211 

Modulation: .. 32222225. ced scccee cote ete ect webhost cenaeettsees 204 
Amplitude: 2: .- 22-2212) se scseces we sneseesciceesciclee st 206 
Froquenoy =<). 22 ovis see we cece ne cote toe scete sesct cel teeese= 209 

Molesulé..o 40.6 owen bore cor ne ccessccnadecateemcteenseencsasass 9c 

Monostable operation (multivibrator) __-._------.------------------- 1905 

Movement of positive charges........_---.------------------------ 23 

Multivibrator: 

Astable.o2'5.s 002 ecb te dee ce Conse cb ost dess ou esee lees sees 190a 
Bistable: 

Nonsaturating. ..--.-------.---------------------------- 195 

BSatersting.... 06 see cosas decacean- see ene tnnseceeoesee 193 

Monostable.<. 2202522 <2 252255 Fede ae- ete sctea See edi eas 181, 191 

1535 

110 

Noise level. 6 

Nonsaturating multivibrator. --._---------------------------------- 195 

NPN transistor, operation.__.._---------------------------------- 33 
Base lead current..._..__._--_------------------------------- 43c 
Switching circuit._.______...-------------------------------- 186 

N-type semiconductor--__....------------------------------------ 19e 

Open-circuit parameters__-..-----.------------------------------- 68 

Operating point._.-._-._-..----------------------------------- 100c, 1106 

OR and NOR gating circuits._.._....-.-_-.----------------------- 198 

Oscillators: 

Amplitude-modulated__.......------------------------------- 208d 
Basic circuit 173 
Frequency... _- 1706 
Injection 212 
Modulated 209d 
Stability. {¢ oo 2 oe ec eeu enee ees asee, 172 
Initial and sustained oscillations. .....-.----------------------- 17la 
Operatitig point._.__.._...-----------.---------------------- 1724 
Regenefative feedback._____..-._---------------------------- 171d 
Selection of configuration. ......__---------------------------- 170d 
Temperature effects_.__.__--_--.-----------------~----------- 172b 
Types: 
Blocking (cos cena pom ences Sean wesc awenet cane Rodeos sew 183, 192 
Clapp2:2.- 20-55 foe iecteesssst ten eee ee eaters sence 1756 
Coipitte....<, .cedeqean ada denseeadet sen asen ashen entose 175a 
Oryatal. sess secccce cane secon setae oeawe Socseennesss 177 
FAtlOy oon in ole See ea wows ood uuaas emcee cont lesan 176 
Phase shift. 2 222055. c-5ccttoelaccen conc catnnsxtesssaacs 178 


102, 113 
2u 


226 
168 
165 
229 
226 
167 
166 
167 
166 
165 
168 


186, 201 
172 
171 
175 
173 
178 


Oscillators—Continued 
Types—Continued Paragraph 
Push-pull 22020e soe seeee cen ceuncoseste ac nacs tal oed sees 176¢ 
Relaxation. : 202: e<tuctiosi lcs sche ges oeeece eos teet 180 
Saturable core: =< 5. .22<2050s0 55042452056 See eee 182 
‘Tickler coil: 222% soiecete cee oo3. liebe tie csc oeedateee 174a 
Weinbridges.2.-< 0.020 c0cesescs bdceeceet se nccsecincacce 179 
Output: 
Circuit equations: 
CB configuration. ........-._.------.--.------------- 2. 62¢ 
CC configuration.__......--_.-------.-----------------ee ee 63a(2) 
CE configuration. .........._-------.-------------------.- 50, 53¢ 
Conductance: 
CB configuration___...-..---------------_----------.---- 62c, 70 
CC configuration......-....-------.----------------.---- 63c, 70 
CE configuration.........--------------------------- ee 52b, 70 
Resistance: 
CB configuration.._..._..-.-------.----------------.--.- 64b, 68 
CC configuration..........-.----.---------------- ++ e 63c, 68 
CE configuration._......---.--.----------.------------- 58, 64c, 68 
Statice characteristic curves__.__.-._----....-----------_--~--_- 52 
Overdriving, amplifier....-......--------.--.-----2--------- e+e 101 
Parameters: 
Dependent variable 


Typical values 


Independent variable._............-.-----------------+------- 47 
Opencelrouit...... 22.5222 Sos 2 espe sen te Je deec lovee sce ess 47a, 68 
Short-cirouit.: 22. 2.252222 es eee eeceeesece le tecaet i eeccel 47b, 70 
Partial emitter degeneration unilateralization____..........-.-_--..- 155a 
Pegking! 2.22 2ei2s00. 72 taunt eo tase se teecen ws det Sel etl 165 
Phase 
Distortion correction. ...--..--.--.----------------~---------- 1646 
Distortion, low frequency_--.--.--.--.-------------~------_-_- 164 
Invertet...-2-G2sscee ehecen oo ccceescate coke tusesectceices 126 
Balanced output._.-_--.----------------------------- ee 1276 
Two-stage! 222262 h cS oo eee boses et etal se lt 128, 129 
Unbalanced output.._-.....-.--.----------.----- eee 127a 
Relations, voltage: 
CB configuration._......--.--.--------------------------- 40 
CC configuration....._-.-..-.--.-------.--.------------- 42 
CE configuration........--.--.----------~---------------- 41 
Shift oscillator.......-.--.---.--.--.--2------------- eee 178 
Photosensitive semiconductor._.-_...-..-.--..------.--.---------- 223 
PN: junetiones. 25 22. Jace oi foe de as ode oe cbs ae eae weomdede cue 25 
PNP transistor, operation.._-._-.-..-.--.--_.--.------------------ 32 
Base lead current....._...-----------s-_------ eee eee eee 43d 
Switching circuit_.._.._-.--_.-.--.--.----------.------------- 186 
Point-contact diode_...._...-..---._-.--.2----2 ee ee eee ee 2b 
Point-contact photosensitive device._..................-.-----.---- 222 


Point-contact transistor 
Power amplifier, class B 


Power dissipation line, characteristic curve___.._._._-..-.--.------- 102 
Power gain, matched..__.._______.______.________..--_.-.----- 56, 60b, 645 
Preamplifier.._....._..___.-._._...-.___--_--_--_-.--__-_--_--_- 109 

Two-stage direct-coupled_...__._..._..._.-_.._-- 22-2 2-2 112 


Three-stage direct-coupled_____.__...__._.--_.-_.------------- 113 


66, 72,77 
113 
115 
116 
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Paragraph 
Properties of holes__......----.---------------------------------- 22 
PROC dl tc es dg ec he Ga we oa no Atta Aes ewe See aR eo eEtee 12 
P-type semiconductor._...-..------------------------------------ 20e 
Pulse characteristics: 
Rall UWin@2: oie ov i a olen cee ous renee She aewseee sages 187d 
Pulse time. 22 c2o2s cb osk ce eese es eee eee eddecede ie des soses st 1876 
Rise’ time. cece ccc tec ewe ce oe ee poked bees ses dole eee 187a 
Storage time: > .ic000- sce secede scl cscs cbse scccole cee sc 187c 
Pulse steering, input_..--..-.------------------------------------ 194 
Pulseitime 20s he esses el ec saceticceneecussestacceeeeectoles 1876 
Push-pull amplifier. --_...---.------------------------------------ 131-133 
Push-pull oscillator_...._.-.------------------------------------- 176¢ 
RC-coupled amplifier, frequency limitation.------------------------ 116, 163 
Reference designations for transistors... __-----.------------------- 36a 
Regenerative feedback..__.-_...--------------------------------- 170a 
Relaxation oscillators.._......-.--------------------------------- 180 
Requirements of voltime controls......_-.------------------------- 121 
Resonant circuits......._.-----.-------------------~-------------- 146 
Reverse-bias: 
Collector current._.._..---.--------------------------------- T4a 
PN junctionz:..- se2coc2 ese stsece costs res see ence se sseces 27 
Btabilisationinc.i s.c06 unc cee ee ow ne en deoseveagisuredioge 88 
Reverse transfer conductance_.-_.-.---.-------------------------- 70 
Reverse transfer resistance. __.__.---.---------------------------- 68 
Rise time:+>_22 272 25 SC hr sh ec test se Bea ue ees et 1876 
Saturable core square wave oscillator_.....__--.-------------------- 182 
Saturating multivibrator-_--_--.---------------------------------- 1938 
Schmitt trigger circuit.._..-_-.---------------------------------- 196 
Self-pulsing blocking oscillator___...--.-..------------------------ 183 
Semiconductor_...._.-_..--------------------------------------- 1c 
Semiconductor devices: 
Four-layer diode-__-__-------------------------------------- 227 
Junction: 5400 622 ede ote Shh ee a ese secsasee 25 
Photosensitive: 
Junction, single and double-_-_-_--.-..----- Dilek uses Sea 223¢ 
Point-contact__.....-------------------------+-----5----- 222 
Spacistor:.. 2. - ssn scsese seen seek estates see scot 225 
Vetrade onc de ceed Vice ceschesstan toasted eeehen sete 224 
Unijuncetion....-.----------------------------+------------+- 226 
Series compensation, high frequency-.--_---.------------------------ 165b 
Series gating circuit_.......-------------------------------------- 201 
Series-shunt compensation, high frequency_......-.----------------- 1654 
Short-circuit parameters._......---------------------------------- 47b, 70 
Shunt compensation, high frequency...-----.---.------------------ 1654 
Shunt gating circuit_......--.----------------------------------- 202 
Signal factors, switching circuits.........-------.------------------ 185d 
Signal frequency_._.._.-_--------------------------------------- 110d 
Signal source resistance_-__.._.----------------------------------- 60c, 110¢ 
Simultaneous high- and low-frequency compensation. .-.-.----~--------- 168 
Single junction photosensitive device 223¢(1) 
Single-layer crystal.........-.-------- 176 
Single swing blocking oscillator__.......-.---------------+-------+- 183 
Size and construction, transistor__....-.--------------------------- 6 
Slope detector.___._...-....------------------------ +--+ +--+ --- 219 
Source resistance, signal......_.....--------.-------------+-------+ 60¢ 
Spacistor._-_..-..---------------- 2+ ene nee ne een een eee 225 
Stability factor: 
Currenitesioo8 cedcccckssceecbecse cas ccebssessorces sesstenss 77 


Stabilization: Paragraph 
Bias. essen etek vat olen nos jos ess oke, ode Reece ess 75 
Frequenty:)22- 2222.2 lcstish oh seats ecesse se ns be neces & 172 
Temperature: 20:50 so stoe5c see ve seas ane eeaceae ene 74 
Voltage. as2 stenoses Sacnd de Voce endear eae hte cnc swccls 93 

Static characteristic curves___._.._..------..--2 2-22. eee 51, 62, 63 
Forward transfer__....-.-..---------..------.----------- ee 101 
Output. 22.c sesh tet ec oe Osea eee cee 100 

Step voltage, unit....__-_-.---.-------- 2-2 eee 185¢ 

Storage:time..0. 0 ce secu es osey oo Ce ee hee ws ie ak 187¢ 

Structure: 

POWs eh Oh atin dele ean Sade net eebotnewu le sucey 9d 
Crystals. 22 s0sc5- a2 scecdemegen scoinc cp oeeoeke eee os 16c 
Junction diode_..__---_-- 2-2-2 nn eee en ee eee 2d 
Junction transistor___-.......--...-. 2 _- wpa tac dtc deinen 2 
Point-contact diode.....--..------.------ eee eee ee 2b 
Point-contact transistor. ......--__.--.------- 2.2 eee ---e 2Q¢ 

Subatomic particles_....-_..--.--_---- 22-22 eee 12 

Surge protection....-..-..-_-.-------.--L 222-2. eee. 97 

Switching circuits: 

Application.32 2. 0262 55.scese¢oecen Smeies oe soe este 1854 
Input and output signal factors..__._...-__.--. eee 1856 
Transistor: 2-55-0025 -o52s2c 222 5e2e eevee esos ec ocewdce 186d 
Unit step voltage. .-_..--.--_.---.----- 22-2 eee 185¢ 

Temperature stability........-_.___-.-.-- 22. eee 74 

Tetrode transistor..-_..-...--.--.-.-----_-------------_-.- eee 224 

Thermistor. 22 os. sjossee202s2 5 se caeiet sel teec Seno ee soos. 81 

Thermistor limitations... ....._..._..-..------.------- 22-2222. 84 

Three-stage preamplifier -_-.--_--....-.-----_-.--2----2-- eee 113 

Tickler coil feedback, crystal oscillator_.._......._.._-_..-_...___.._ 1776 

Tickler coil oscillator: 

Puned-base: 32.) oie oes estcetieedlstekeuet 3 30 ccs 174b 
Tuned-collector.._--...----------2 222-222 e ee 174c 

Tone controls... ...-----.-- 2-2 eee eee eee eee ene 125 

Transducer gain.....-_.---.--.-------.------ eee eee 60a 

Transformer-coupled amplifiers......_........__-.-....._-_.-..-__- 117 

Transformer-coupled volume control.._.......__....___--_-.___--__ 124 

Transistor: 31 
Analysissi25 . oss 2s5 Soa eee cc onlel ee esce tet last 99 
Application: 

Low frequency......-.-------.--_-----22------ eee. 4a 
Low power. oo: 22225 eles Son eon het ooo cant hence 4a 
Rist ct ec cee cack fee es ee te aa eee es. 4b 
Arrangement (configuration) : 
Common-base..-_-..------- 22-2222 
Common-collector. 
Common-emitter. 
Comparison with electron tube__. 
Efficiency___.--_-.--2 2. 


Input differences. 
Noise level). 5 2-2 heroes hnesck eek cath ecbeckia as 


104 
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Transistor—Continued 


Functions—Continued Page 
DnvillatiOn..i0o0 ic cat ca sue eey sewer reine gabe se 225 
‘Wave shaping |...2-.o-.2-525-5 J2s eset teeta teeseeseen sete 7 
History: 2:i2co2) conte heh ects dews Soserecates 5 
Interelement capacitance 107 
Large-signal operation-. .- ------- 189 
Material used in making. _---.------------------------------- 10 
Res stAn66. coos orn ee ee ett ae ee ee pS Seale 72,77 
Special circuit components --._--.---------------------------- 8 10 
Switching circuits_-_-_-...---.------------------------------- 186b 189 
Types: 
POneidties os sco coshu cpepon nacelle nmebcestdacueeews 2e 6 
NPN ooooec oe ic ececeseeaens esti spcee sce peestieteee 33 39 
PNP ook coed oh oo ans Sens cose ge decks 32 36 
Point-contect. 2. <5.025. es. dsi Soe eee ese e steeds ieee ced 2c, 222 6, 237 
Unijunction. «ooo 5 e222 essccs ose cee sete eeeetee ee cases 226 242 
” Use in equipment. _---..------------------------------------ 5 8 
Triggered circuits: 
Astable operation___--..------------------------------------ 1904 199 
Bistable operation...._..------------------------------------ 190c 199 
Eecles-Jordan__.-..----------------------------------------- 193 202 
Monostable:... =~ 2. - acces ose l se seen sees bees tees esses 190d 199 
Schmitt ciroults.. sec ce soee ce cco we s Sees enone esas chee was 196 208 
Tuned primary transformer__._----------------------------------- 148 146 
Two-stage phase inverter._...__--------.------------------------- 128, 129 126 
Two-stage preamplifier....._.-.---------------------------------- 112 115 
Types of substances: 
Conductor. 15a 17 
Dialectric-. -_ 156 18 
Insttlator224- coe sssscneceg. seeds sees sere c tacos se nsecsesee 156 18 
Semiconductor l5c 18 
N-type 19¢ 22 
P-type 20e 24 
Unbalanced atom, electrical_-_--_-..------------------------------ 13a 17 
Unbalanced output phase inverter_.......--.---------------------- 127 125 
Unijunetion transistor..__---.----------------------------------- 226 242 
Unilateral device__...-.-_--------------------------------------- 153 151 
Unilateralization._.......--.------------------------------------ 1535 151 
Bridge si... scccen cbse etees fee fe secu ee Sneath eee sees 156 154 
Partial emitter degeneration. -_.-..---.------------------------ 155a 152 
Unit step voltage-...-..----------------------------------------- 185¢ 188 
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MATHEMATICS, ELEMENTARY TO INTERMEDIATE 


HOW TO CALCULATE QUICKLY, Henry Sticker. This handy volume offers a tried and true 
method for helping you in the basic mathematics of daily life—addition, subtraction, multipli- 
cation, division, fractions, etc. It is designed to awaken your ‘‘number sense” or the ability 
to see relationships between numbers as whole quantities. It is not a collection of tricks 
working only on special numbers, but a Serious course of over 9,000 problems and their 
solutions, teaching special techniques not taught in schools: left-to-right multiplication, new 
fast ways of division, etc. 5 or 10 minutes daily use will double or triple your calculation 
speed. Excellent for the scientific worker who is at home in higher math, but is not satisfied 
with his speed and accuracy in lower mathematics. 256pp. 5 x 7%. 7295 Paperbound $1.00 


TEACH YOURSELF books. For adult self-study, for refresher and 
supplementary study. 


The most effective series of home study mathematics books on the market! With absolutely 
no outside help, they will teach you as much as any similar college or high-schoo! course, 
or will helpfully supplement any such course. Each step leads directly to the next, each 
question is anticipated. Numerous lucid examples and carefully-wrought practice problems 
illustrate meanings. Not skimpy outlines, not surveys, not usual classroom texts, these 204- 
ie oe ies books are packed with the finest instruction you'll find anywhere for adult 
self-study. 


TEACH YOURSELF ALGEBRA, P. Abbott. Formutas, coordinates, factors, graphs of quadratic 

functions, quadratic equations, logarithms, ratio, irrational numbers, arithmetical, geomet- 

rical series, much more. 1241 problems, solutions. Tables. 52 illus. 307pp. 6% x 44%. 
Clothbound $2.00 


TEACH YOURSELF GEOMETRY, P. Abbott. Solids, lines, points, surfaces, angle measurement, 
triangles, theorem of Pythagoras, polygons, loci, the circle, tangents, symmetry, solid geometry, 
prisms, pyramids, solids of revolution, etc. 343 problems, solutions. 268 illus. ye 
6% x AM. Clothbound $2.00 


TEACH YOURSELF TRIGONOMETRY, P. Abbott. Geometrical foundations, indices, logarithms, 
trigonometrical ratios, relations between sides, angles of triangle, circular measure, trig. 
ratios of angles of any magnitude, much more. Requires elementary algebra, geometry. 
465 problems, solutions. Tables. 102 illus. 204pp. 6% x 4%. Ciothbound $2.00 


TEACH YOURSELF THE CALCULUS, P. Abbott. Variations in functions, differentiation, solids 
of revolution, series, elementary differential equations, areas by integral calculus, much more. 
Requires algebra, trigonometry. 970 problems, solutions. Tables. 89 illus. 380pp. 6% x 4%. 

Clothbound $2.00 


TEACH YOURSELF THE SLIDE RULE, B. Snodgrass. Fractions, decimals, A-D scales, log-log 
scales, trigonometrical scales, indices, logarithms. Commercial, precision, electrical, dual- 
istic, Brighton rules. 80 problems, solutions. 10 illus. 207pp. 6% x 4%. Clothbound $2.00 


ARITHMETICAL EXCURSIONS: AN ENRICHMENT OF ELEMENTARY MATHEMATICS, H. Bowers and 
J. Bowers. For students who want unusual methods of arithmetic never taught in school; for 
adutts who want to increase their number sense. Little known facts about the most simpie 
numbers, arithmetical entertainments and puzzles, figurate numbers, number chains, mysteries 
and folklore of numbers, the ‘‘Hin-dog-abic’ number system, etc. First publication. Index. 
529 numbered problems and diversions, all with answers. Bibliography. 50 figures. xiv + 
320pp. 5% x 8, 1770 Paperbound $1.63 


HOW DO YOU USE A SLIDE RULE? by A. A. Merrill. Not a manual for mathematicians and engin- 
eers, but a lucid step-by-step explanation that presents the fundamental rules clearly enough 
to be understood by anyone who could benefi by the use of a sfide rule in his work or 
business. This work concentrates on the 2 most important operations: multiplication and 
division. 10 easy lessons, each with a clear drawing, will save you countless hours in your 
banking, business, statistical, and other work. First publication. Index. 2 Appendixes. 10 
illustrations. 78 problems, all with answers. vi + 36pp. 6% x 9%. T62 Paperbound 60¢ 


THE THEORY AND OPERATION OF THE SLIDE RULE, J. P. Ellis. Not a skimpy “instruction man- 
ual’, but an exhaustive treatment that will save you hours throughout your career. Sup- 
plies tull understanding ot every scale on the Log Log Dupiex Decitrig type of slide rule. 
Shows the most time-saving methods, and provides practice useful in the widest variety of 
actual engineering situations. Each operation introduced in terms of underiying logarithmic 
theory. Summary of prerequisite math. First publication. Index. 198 figures. Over 450 prob- 
Jems with answers. Bibliography. 12 Appendices. ix + 289pp. 5% x 8. 

$727 Paperbound $1.50 
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TEACH YOURSELF ELECTRICITY, C. W. Wilman. Electrical resistance, inductance, capacitance, 
magnets, chemical effects of current, alternating currents, generators and motors, trans- 
formers, rectifiers, much more. 230 questions, answers, worked examples. List of units, 115 
illus. 1$4pp. 6% x 4%. Clothbound $2.00 


ELEMENTARY METALLURGY AND METALLGGRAPHY, A. M. Shrager. Basic theory and descriptions 
of most of the fundamental! manufacturing processes involved in metallurgy. Partial 
contents: the structure of metals; slip, plastic deformation, and recrystalization; iron ore 
and production of pig iron; chemistry involved in the metallurgy of iron and steel; basic 
processes such as the Bessemer treatment, open-hearth process, the electric arc furnace 
~—with advantages and disadvantages of each; annealing, hardening, and tempering steel; 
copper, aluminum, magnesium, and their alloys. For freshman engineers, advanced Students 
in technical high schools, etc. Index. Bibliography. 177 diagrams. 17 tables. 284 questions 
and problems. 27-page glossary. ix + 389pp. 5% x 8. $138 Paperbound $2.25 


BASIC ELECTRICITY, Prepared by the Bureau of Naval Personnel. Originally a training course 
text for U.S. Navy personnel, this book provides thorough coverage of the basic theory of 
electricity and its applications. Best book of its kind for either broad or more limited 
Studies of electrical fundamentals . . . for classroom use or home study. Part 1 provides 
@ more Simited coverage of theory: fundamental concepts, batteries, the simple circuit, 
D.C. series and parallel circuits, conductors and wiring techniques, A.C. electricity, inductance 
and capacitance, etc. Part 2 applies theory to the structure of electrical machines—genera- 
tors, motors, transformers, magnetic amplifiers. Also deals with more complicated instru- 
ments, synchros, servo-mechanisms. The concluding chapters cover electrical drawings and 
blueprints, wiring diagrams, technical manuals, and safety education. The book contains 
numerous questions for the student, with answers. Index and six sipenmices. 345 illustra- 
tions. x + 448pp. 64 x 9%. 973 Paperbound $3.00 


BASIC ELECTRONICS, prepared by the U.S. Navy Training Publications Center. A thorough 
and comprehensive manual on the fundamentals of electronics. Written clearly, it is equa y 
useful for self-study or course work for those with a knowledge of the principles of basic 
electricity. Partial contents: Operating Principles of the Electron Tube; Introduction to 
Transistors; Power Supplies for Electronic Equipment; Tuned Circuits; Electron-Tube Ampli- 
fiers; Audio Power Amplifiers; Oscillators; Transmitters; Transmission Lines; Antennas and 
Propagation; Introduction to Computers; and related topics. Appendix. Index. Hundreds of 
illustrations and diagrams. vi + 471pp. 632 x 9%. $1076 Paperbound $2.78 


BASIC THEORY AND APPLICATION OF TRANSISTORS, Prepared by the U.S. Department of the 
Army. An introductory manual prepared for an army training program. One of the finest 
available surveys of theory and application of transistor design and operation. Minimal 
knowledge of physics and theory of electron tubes required. Suitable for textbook use, 
course supplement, or home study. Chapters: Introduction; fundamental theory of transistors; 
transistor amplifier fundamentals; parameters, equivalent circuits, and characteristic curves; 
bias stabilization; transistor analysis and comparison using characteristic curves and charts; 
audio amplifiers; tuned amplifiers; wide-band amplifiers; oscillators; pulse and switching 
circuits; modulation, mixing, and demodulation; and additional semiconductor devices. 
Unabridged, corrected edition. 240 schematic drawings, photographs, wiring diagrams, etc. 
2 Appendices. Glossary. Index. 263pp. 642 x 91/4. S380 Paperbound $1.25 


TEACH YOURSELF HEAT ENGINES, E. De Vilie. Measurement of heat, development of steam and 
internal combustion engines, efficiency of an engine, compression-ignition engines, production 
of steam, the ideal engine, much more. 318 exercises, answers, worked examples. Tables. 
76 illus. 220pp. 6% x 4%. Clothbound $2.00 
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ON THE SENSATIONS OF TONE, Hermann Helmholtz. This is an unmatched coordination of 
such fields as acoustical physics, physiology, experiment, history of music. It covers the 
entire gamut of musical tone. Partial contents: relation of musical science to acoustics, 
physical vs. physiological acoustics, composition of vibration, resonance, analysis of tones 
by sympathetic resonance, beats, chords, tonality, consonant chords, discords, progression 
of parts, etc. 33 appendixes discuss various aspects of sound, physics, acoustics, music, etc. 
Translated by A. J. Ellis. New introduction by Prof. Henry Margenau of Yale, 68 figures, 43 
musical passages analyzed. Over 100 tables. Index. xix + 576pp. 64% x 9%. 

$114 Paperbound $3.00 
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THE NATURE OF LIGHT AND COLOUR IN THE OPEN AIR, M. Minnaert. Why is falling snow 
sometimes black? What causes mirages, the fata morgana, multipie suns and moons in the 
sky? How are shadows formed? Prof. Minnaert of the University of Utrecht answers these and 
similar questions in optics, light, colour, for non-specialists. Particularly valuable to nature, 
science students, painters, photographers. Translated by H. M. Kremer-Priest, K. Jay. 202 
illustrations, including 42 photos. xvi + 362pp. 53% x 8. T196 Paperbound $2.00 


THE PHYSICS OF MUSIC, Alexander Wood. Introduction for musicians to the physical aspect 
of sound. No scientific training necessary to understand concepts, etc. Wealth of material 
on origin and development of instruments, physical principles involved in the production of 
their sounds, pitch, intensity and loudness, mechanism of the ear, dissonance and conso- 
nance, sound reproduction and recordings, concert hatis, etc. Extensively revised by Dr. 
J. M. Bowsher. Indices. Bibliography. 16 plates. 114 illustrations. 270pp. 546 x 8%. 

1322 Paperbound $2.25 


GREAT JDEAS AND THEORIES OF MODERN COSMOLOGY, Jagjit Singh. The theories of Jeans, 
Eddington, Milne, Kant, Bondi, Gold, Newton, Einstein, Gamow, Hoyle, Dirac, Kuiper, Hubble, 
Weizsacker and many others on such cosmological questions as the origin of the universe, 
space and time, planet formation, ‘continuous creation,” the birth, life, and death of the 
stars, the origin of the galaxies, etc. By the author of the popular “Great Ideas of Modern 
Mathematics.” A gifted popularizer of science, he makes the most difficult abstractions 
crystal-clear even to the most non-mathematical reader. index. xil + 276 pp. 5% x 84. 

1925 Paperbound $1.85 


PIGNEERS OF SCIENCE, 0. Lodge. Eminent scientist-expositor's authoritative, yet elementary 
survey of great scientific theories. Concentrating on individuals—Copernicus, Brahe, Kepler, 
Galileo, Descartes, Newton, Laplace, Herschel, Lord Kelvin, and other scientists—the author 
presents their discoveries in historical order aading. biographical material on each man and 
full, specific explanations of their achievements. The clear and complete treatment of the 
post-Newtonian astronomers is a feature seldom found in other books on the subject. Index. 
120 illustrations. xv + 404pp. 5% x 8. T1716 Paperbound $1.65 


BIOGRAPHY OF SCIENTISTS 


ISAAC NEWTON: A BIOGRAPHY, Louis Trenchard More. The definitive beeen of Newton, his 
life and work. Presents Newton as a living man, with a critical, objective analysis of his char- 
acter as well as a careful survey of his manifold accomplishments, scientific, theological, etc. 
The author, himself a professor of physics, has made full use of all of Newton's published 
works and all material in the Portsmouth Collection of Newton’s personal and unpublished 
papers. The text includes numerous letters by Newton and his acquaintances, and many other 
of his papers—some translated from Latin to English by the author. A_universally-esteemed 
work, Unabridged republication. 1 full-page plate. Index. xiii + 675pp. 5% x Bt. 

T1579 Paperbound $2.50 


PIERRE CURIE, Marie Curie. Mme. Curie, Nobel Prize winner, creates a memorable portrait of 
her equally tamous husband and his lifelong scientific researches. She brings to life the 
determined personality of a great scientist at work. Her own autobiographical notes, included 
in this volume, reconstruct her own work on radiation which resulted in the isolation of radium. 
“a delightful book. {t marks one of the few instances in which the proverbially humdrum life 
of the student of physical science, together with the austere ideals, has been made_intelli- 
gibte,"" New York Times. Unabridged reprint. Translated by Charlotte and Vernon Kellogg. 
Introduction by Mrs. Wm. Brown Meloney. 8 halftones. viil + 120pp. 5% xX 842. 

T199 Paperbound $1.00 


THE BOOK OF MY LIFE (DE VITA PROPRIA LIBER), Jerome Cardan. The remarkable autobiography 
of an important Renaissance mathematician, physician, and scientist, who at the same time 
was a paranoid, morbid, superstitious man, consumed with ambition and self-love (and self- 
pity). These chronicles of his fortunes and misfortunes make absorbing reading, giving us an 
extremely insightful view of a man’s reactions and sensations—the first psychological auto- 
biography. Through his eyes we can also see the superstitions and beliefs of an age, Renais- 
sance medical practices, and the problems that concerned a trained mind in the 16th century. 
Unabridged republication of original English edition, translated by Jean Stoner. Introduction. 
Notes. Bibliography. xviii + 331pp. 5% x 8%. 1345 Paperbound $1.60 


THE AUTOBIOGRAPHY OF CHARLES DARWIN, AND SELECTED LETTERS, edited by Francis 
Darwin. Darwin’s own record of his early life; the historic voyage aboard the ‘Beagle’; 
the furor surrounding evolution, and his replies; reminiscences of his son. Letters to 
Hensiow, Lyell, Hooker, Huxley, Wallace, Kingsley, etc., and thoughts on religion and 
vivisection, We see how he revolutionized geology with his concept of ocean subsidence; 
how his great books on variation of plants and animals, primitive man, the expression of 
emotion among primates, ptant fertilization, carnivorous plants, protective coloration, etc., 
came into being. Appendix. Index. 365pp. 5% x 8. 7479 Paperbound $2.00 
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TYCHO BRAHE: A PICTURE OF SCIENTIFIC LIFE AND WORK IN THE SIXTEENTH CENTURY, J. L. E. 
Dreyer. The definitive biography of a stormy Renaissance genius. Full discussion of Brahe’s 
fascinating life and scientific achievements in readable, non-technical language by this cen- 
tury’s foremost historian of astronomy. Unabridged reprinting. 15 illustrations. 5 full-page 
Plates. Index. xiv + 405pp. 53% x 812. T1057 Paperbound $2. 


LOUIS PASTEUR, S. J. Holmes, former Professor of Zoology at the U. of California. A brief, 
highly readable biography of France’s greatest man of science. Remarkably clear accounts 
of Pasteur’s scientitic investigations and discoveries (from the first youthful experiments in 
chemistry and crystallization to the triumphant researches into the diseases affecting wine, 
vinegar, silkworms, fowl, cattle, and men); also a warm and revealing ae uNee of his private 
life. “A Special appeal and unique value for the general reader,”’ N. Y. Times. “All the essen- 
tial facts,’ Nature (London). Unabridged one cation of Ist edition. New preface by the 
author. Index, 17 iNustrations. x + 149pp. 534 x 8, T197 Paperbound $1.00 


THE LIFE OF PASTEUR, R. Vallery-Radot. 13th edition of this definitive biography, cited in 
Encyclopaedia Britannica. Authoritative, scholarly, well-documented with contemporary quotes, 
observations; gives complete picture of Pasteur’s personal life; especially thorough presenta- 
tion of scientific activities with silkworms, fermentation, hydrophobia, inoculation, etc. 
introduction by Sir William Osler. Index. 505pp. 536 x 8. S$51/ Paperbound $2.00 
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THE STUDY OF THE HISTORY OF MATHEMATICS & THE STUDY OF THE HISTORY OF SCIENCE, 
George Sarton. Scientific method & philosophy in 2 scholarly fields. Defines duty of historian 
of math., provides especially useful bibliography with best available biographies of modern 
mathematicians, editions of their collected works, correspondence. Observes combination 
of history & science, will aid scholar in understanding science today. Bibliography includes 
nee ah eee “ iy ebode methods Sete gritically Soe bibliography. 
index. 10 illustrations. 2 volumes bound as one. Pp. pp. x 8 

7240 Paperbound $1.25 


GUIDE TO THE LITERATURE OF MATHEMATICS AND PHYSICS, N. &. Parke HII. Over 5000 entries 
included under approximately 120 major subject headings, of selected most important books, 
monographs, periodicals, articles in English, plus important werks in German, French, 
Italian, Spanish, Russian (many recently available works). Covers every branch of physics, 
math, related engineering. Includes author, title, edition, publisher, place, date, number of 
volumes, number of pages. A 40-page introduction on the basic problems of research and 
Study provides useful information on the organization and use of libraries, the psychology 
of learning, etc. This reference work will save you hours of time. 2nd’ revised edition. 
Indices of authors, subjects. 464pp. 536 x 8. S447 Paperbound $2.49 
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basic Theory an 
Anolication of Transistors 


Prepared by the U. S. Department of the Army 


With the advent of new, streamlined ‘communications systems and other electronic 
apparatus, the study of the design, operation, and use of transistors has become 
an extremely important part of electronics engineering. This introductory manual 
(TM 11-690), prepared in 1959 by the U. S. Army for a training program, is one of 
the finest available anywhere on the theory and application of transistors. Intended 
for those who have even a minimal knowledge of physics and the theory of electron 
tubes, it is perfectly suited for use as an elementary textbook or course supplement 
and for home study. 


The introductory chapter includes a short history of crystal semiconductors, the 
function of transistors, their actual applications and construction, and many important 
definitions of terms and concepts. This is followed by an invaluable discussion of 
the elementary physics required for following the text. Included are the structure 
of matter, the atom and the molecule, characteristics of crystals, PN junctions, and 
much more essential information. The body of the book consists of eleven chapters 
on such general topics as transistor amplifier fundamentals; parameters, equivalent 
circuits, and characteristic curves; bias stabilization; transistor analysis and compari- 
son using characteristic curves and charts; audio amplifiers; tuned amplifiers; wide- 
band amplifiers; oscillators; pulse and switching circuits; modulation, mixing, and 
demodulation; and additional semiconductor devices. Thus, every aspect of the 
subject is thoroughly covered. In each case, the discussion begins with carefully 
prepared background material and new information is introduced logically, so that 
it can be assimilated easily. 


Outline summaries at the end of each chapter test the reader’s comprehension of 
the material and are useful as ready references and refreshers. Nearly 250 schematic 
drawings, photographs, wiring diagrams, etc.—almost one illustration per page— 
show correct procedures and results for every important point covered in the text. 
For beginning engineering and physics students or electronics hobbyists who may 
be unfamiliar with the technical vocabulary, there is a glossary of technical terms 
and an appendix listing the letter symbols used. 


Unabridged, corrected (1962) edition. 240 figures. 2 appendixes. Glossary. Index. 263 
pp. 64% x 9%. 60380-6 Paperbound 


A DOVER EDITION DESIGNED FOR YEARS OF USE! 


We have spared no pains to make this the best book possible. Our paper is opaque, 
with minimal show-through; it will not discolor or become brittle with age. Pages are 
sewn in signatures, in the method traditionally used for the best books. Books open 
flat for easy reference. Pages will not drop out, as often happens with paperbacks 
held together with glue. The binding will not crack and split. This is a permanent 
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